University of Tennessee, Knoxville

TRACE: Tennessee Research and Creative
Exchange
Masters Theses

Graduate School

5-2022

Neutrophil Subtype Differentiation in Campylobacter jejuni
Infection and Its Impact on T cells and Colonic Epithelial Cells
Carolina Dolislager
cdolisl1@utk.edu

Follow this and additional works at: https://trace.tennessee.edu/utk_gradthes
Part of the Microbiology Commons

Recommended Citation
Dolislager, Carolina, "Neutrophil Subtype Differentiation in Campylobacter jejuni Infection and Its Impact
on T cells and Colonic Epithelial Cells. " Master's Thesis, University of Tennessee, 2022.
https://trace.tennessee.edu/utk_gradthes/6385

This Thesis is brought to you for free and open access by the Graduate School at TRACE: Tennessee Research and
Creative Exchange. It has been accepted for inclusion in Masters Theses by an authorized administrator of TRACE:
Tennessee Research and Creative Exchange. For more information, please contact trace@utk.edu.

To the Graduate Council:
I am submitting herewith a thesis written by Carolina Dolislager entitled "Neutrophil Subtype
Differentiation in Campylobacter jejuni Infection and Its Impact on T cells and Colonic Epithelial
Cells." I have examined the final electronic copy of this thesis for form and content and
recommend that it be accepted in partial fulfillment of the requirements for the degree of
Master of Science, with a major in Microbiology.
Jeremiah G. Johnson, Major Professor
We have read this thesis and recommend its acceptance:
Dallas R. Donohoe, Tim E. Sparer
Accepted for the Council:
Dixie L. Thompson
Vice Provost and Dean of the Graduate School
(Original signatures are on file with official student records.)

Neutrophil Subtype Differentiation in
Campylobacter jejuni Infection
and Its Impact on T cells and
Colonic Epithelial Cells

A Thesis Presented for the
Master of Science
Degree
The University of Tennessee, Knoxville

Carolina G. Dolislager
May 2022

Copyright © 2022 by Carolina G. Dolislager.
All rights reserved.

ii

DEDICATION

To Guy Griffin

iii

ACKNOWLEDGEMENTS
I would like to thank Dr. Johnson for mentoring me through much more than this
thesis, for his enthusiasm over this project, and for taking care of me and my lab
mates.
I would like to thank Dr. Donohoe and Dr. Sparer for serving on my committee
and for being excited about this research, encouraging me, and giving me
wonderful opportunities.
Thank you to Sean Callahan for everything he’s taught me and for every cartoon
impersonation that made me laugh. I would also like to thank Dr. Brittni Kelley
and Triston Walsh for being my lab mates. Thank you to the wonderful
undergraduates in our lab Eleanor Mancini, Caroline Parker, Mary Wakim, and
Chloe Workman.
Thank you to the other members of the fifth floor for always being there for
advice and for a laugh: Trevor Hancock, Morgan Hetzel, Dr. Engin Berber, Elliott
Goldstein, Keertana Tallapragada, Dr. Matt Kolp, and Will Brewer.
Thank you to Sarah Kauffman, Jenny Heppert, and Bohye Park for your help and
for always being so kind to me.
Thank you Jaydeep Kolape: chatting with you is the best part of confocal
microscopy.
Thank you to Barbra Klein for the dinners at Fieldhouse that kept me sane.
I would like to thank my family for supporting me though this and every other
experience that has led me to this accomplishment. Thank you to my husband,
iv

Garrett Carter for reading my papers, listening to practice talks, and encouraging
me every day. Thank you to my parents, Fred and Sue, for always believing in
me and giving me the resources to make it thus far. Thank you to my brother
Gerrit, sister-in-law Mia, grandparents Miriam, Guy, Phyllis, Ron, and Doris, and
to my husband’s family: Marcia, Anthony, Hope, and Holly.
Thank you to the best friend anyone could have: Sarah Day.
Thank you to my church families at the Daily Audio Bible, Central Baptist of Oak
Ridge, and Cokesbury United Methodist.
Most importantly, all thanks be to God who created the amazing world which I
have had the honor of studying and for making this accomplishment possible.

v

ABSTRACT
The discovery of neutrophil subtypes has expanded what is known about
neutrophil functions, yet there is still much to learn about the role of these
subtypes during bacterial infection. We investigated whether Campylobacter
jejuni induced differentiation of human neutrophils into the hypersegmented,
CD16hi/CD62Llo [CD16hi/CD62Llo] subtype. In addition, we investigated whether
C. jejuni-dependent differentiation of this neutrophil subtype induced cancer
promoting activities of human T cells and colonocytes, which were observed in
other studies of hypersegmented, CD16hi/CD62Llo [CD16hi/CD62Llo] neutrophils.
We found that C. jejuni causes a significant shift in human neutrophil populations
to the hypersegmented, CD16hi/CD62Llo [CD16hi/CD62Llo] subtype and that
those populations exhibit delayed apoptosis, elevated arginase-1 expression,
and increased reactive oxygen species production. Furthermore, incubation of C.
jejuni-infected neutrophils with human T cells resulted in decreased expression of
the ζ-chain [zeta-chain] of the T cell receptor (TCRζ) [TCRzeta], which was
restored upon supplementation with exogenous L-arginine. In addition,
incubation of C. jejuni-infected neutrophils with human colonocytes resulted in
increased HIF-1α [HIF-1alpha] stabilization and NF-κB [NF-kappaB] activation in
those colonocytes, which may result in the upregulation of pro-tumorigenic
genes. This response, coupled with the ability of C. jejuni-infected neutrophils to
suppress TCRζ [TCRzeta] expression in T cells, could result in the promotion of
colorectal tumorigenesis during infection with C. jejuni.
vi

TABLE OF CONTENTS
Chapter One: Literature Review ........................................................................ 1
Neutrophils ...................................................................................................... 1
Antimicrobial Functions .............................................................................. 2
Neutrophil Subtypes ....................................................................................... 6
T Cells .............................................................................................................. 9
T Cell Receptor .......................................................................................... 11
Arginine ...................................................................................................... 11
Reactive Oxygen Species ......................................................................... 12
Hypoxia and HIF-1 ......................................................................................... 13
Inflammation and NF-κB ............................................................................... 16
Campylobacter jejuni .................................................................................... 17
Infection ...................................................................................................... 18
Campylobacter jejuni and Cancer Incidence........................................... 20
Cytolethal Distending Toxin and Cancer ................................................. 21
Chapter Two: Introduction ............................................................................... 23
Chapter Three: Materials and Methods ........................................................... 31
Strains and Culture Conditions .................................................................... 31
Isolation of Primary Human Neutrophils ..................................................... 31
Infection of Neutrophils with Bacteria ......................................................... 32
Flow Cytometry Analysis of Neutrophil Populations ................................. 32
Fluorescent Microscopy of Neutrophil Nuclear Morphology .................... 33
vii

Detection of Apoptotic Neutrophils ............................................................. 33
Measuring HIF-1α and NF-κB in Colonocytes Following Coincubation
with Infected Neutrophils.............................................................................. 34
Western Blot Analysis of Neutrophil and Colonocyte Proteins ................ 34
Quantification of Reactive Oxygen Species from Neutrophil Populations
........................................................................................................................ 35
Measuring T cell Receptor ζ-chain Expression Following Coincubation
with Infected Neutrophils.............................................................................. 36
Statistical Analysis........................................................................................ 36
Chapter Four: Results ...................................................................................... 37
CD16hi/CD62Llo Subtype Differentiation of Campylobacter jejuni-infected
Neutrophils is MOI- and Time-dependent.................................................... 37
C. jejuni-infected Neutrophil Populations Exhibit Higher Rates of
Hypersegmented Nuclear Morphology ........................................................ 43
C. jejuni-infected Neutrophils Exhibit Reduced Apoptosis ....................... 48
C. jejuni-infected Neutrophils Exhibit Increased Arginase-1 Expression
and Reactive Oxygen Species Production .................................................. 49
Coincubation of C. jejuni-infected Neutrophils with Human T Cells Leads
to Reduced TCRζ Expression ...................................................................... 53
Coincubation of C. jejuni-infected Neutrophils with Human Colonocytes
Induces HIF-1α Stabilization and Phosphorylation of NF-κB .................... 57
Chapter Five: Discussion ................................................................................. 62
viii

Chapter Six: Conclusions and Recommendations ........................................ 67
References ........................................................................................................ 70
Appendix ........................................................................................................... 90
Vita ................................................................................................................... 108

ix

LIST OF TABLES
Table 1 ............................................................................................................. 106
Table 2 ............................................................................................................. 107

x

LIST OF FIGURES
Figure 1: C. jejuni induction of CD16hi/CD62Llo neutrophils is multiplicity of
infection (MOI)- and time-dependent. ...................................................... 39
Figure 2: Morphology of neutrophil nuclei upon C. jejuni infection. ............ 44
Figure 3: Incidence of hypersegmentation increases and apoptosis
decreases at 5 and 24 hours in C. jejuni-infected neutrophils. ............. 46
Figure 4: Arginase-1 expression and reactive oxygen species production
are increased in neutrophils infected with C. jejuni (MOI 1:1) for 5 hours
compared to uninfected. ........................................................................... 51
Figure 5: TCRζ chain reduction in Jurkats incubated with C. jejuni-infected
neutrophils is restored in the presence of 1.5 mM L-arginine, not 1.0
mM or 30 µM L-ascorbic acid. ................................................................... 55
Figure 6: HIF-1α stabilization and p65 phosphorylation of NF-κB are
increased in HCT-116 colonocytes coincubated with C. jejuni-infected
neutrophils. ................................................................................................ 59
Figure 7: Average number of nuclear lobes increases at 5 and 24 hours in
C. jejuni-infected neutrophils. .................................................................. 91
Figure 8: Arginase-1 expression and reactive oxygen species production
are still increased in neutrophils infected with C. jejuni (MOI 1:1) for 24
hours compared to uninfected and reactive oxygen species generation
is decreased in neutrophils infected with C. jejuni at an MOI of 20:1
compared to neutrophils infected with C. jejuni at an MOI of 1:1. ........ 92
xi

Figure 9: TCRζ reduction in Jurkats coincubated with C. jejuni-infected
neutrophils is restored in the presence of 1.5 mM L-arginine, not 1.0
mM or 30 µM L-ascorbic acid. ................................................................... 94
Figure 10: Maximal TCRζ expression in Jurkats. ........................................... 96
Figure 11: Blocking RAGE with cromolyn results in slightly reduced NF-κB
activation. ................................................................................................... 97
Figure 12: Induction of CD16hi/CD62Llo neutrophils is invasion independent.
..................................................................................................................... 99
Figure 13: Removing bacterial stimulus at 5 hours does not extend life of
CD16hi/CD62Llo neutrophils to 24 hours except in the presence of the
cytochalasin D. ........................................................................................ 101
Figure 14: UV-killed C. jejuni induces CD16hi/CD62Llo neutrophil subtype
after 5 hours. ............................................................................................ 103
Figure 15: Preincubation with 10 mM sodium butyrate results in a
significant increase in CD16hi/CD62Llo neutrophils after C. jejuni
infection independently of histone H3 acetylation ............................... 104

xii

CHAPTER ONE: LITERATURE REVIEW
Neutrophils
Neutrophils are the most abundant leukocyte in the human body with 1011
entering circulation from the bone marrow each day. Neutrophils are derived from
precursor cells in the bone marrow which develop and differentiate until a mature
neutrophil is formed. Neutrophil development begins with hematopoietic stem
cells, from which all blood cells arise. Along the path leading to the development
of neutrophils, hematopoietic stem cells differentiate into common myeloid
progenitor cells, which give rise to granulocyte-macrophage progenitor cells and
later, to proliferative neutrophil precursor cells. Proliferative neutrophil precursors
then differentiate into immature and mature neutrophils and are key to keeping
the neutrophil reserve high, particularly in response to infection and tumors
(Akashi et al., 2000; Evrard et al., 2018). Mature neutrophils are kept in the bone
marrow by the chemokine stromal cell derived factor-1α (SDF-1α), which is
detected by chemokine (C-X-C motif) receptor 4 (CXCR4) on the neutrophils,
forming a neutrophil reserve. Neutrophils are recruited to the site of infection from
the bone marrow by signals such as interleukin-8 (IL-8), granulocyte colony
stimulating factor (G-CSF) as well as C5a, leukotriene B4, and N-Formyl-MetLeu-Phe (F-MLP) (Jagels & Hugli, 1992).
For much of early neutrophil biology, the end of the neutrophil’s ability to
proliferate was thought to also be the end of neutrophil differentiation and even
the neutrophil’s ability to perform transcription; however, in 2001 it was shown
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that neutrophils were able to undergo transcription in response to bacterial stimuli
(Jack & Fearon, 1988; Subrahmanyam et al., 2001). Since the mid-twentieth
century, neutrophils were believed to have a maximum lifespan in the circulation
of about 24 hours; however, in 2010, studies by Pillay, Koenderman, and others
using deuterium-labeled drinking water suggested that the lifespan of neutrophils
in circulation could reach 5.4 days under normal conditions (Pillay et al., 2010).
There has been controversy regarding this study, however, as the deuteriumlabeled drinking water could have labeled neutrophils in the bone marrow reserve
in addition to those in the circulation, leading to an overestimation of the
neutrophil lifespan (Tofts et al., 2011; Li et al., 2011). It has been widely
accepted, however, that during inflammation and infection, the longevity of
neutrophils has been shown to increase several-fold (Summers et al., 2010;
Colotta et al., 1992). The increased predictions of the neutrophil lifespan, coupled
with their ability to perform transcription to respond to stimuli, demonstrates a
more impactful and dynamic role of neutrophils during infection and
inflammation.
Antimicrobial Functions
Neutrophils are typically the first immune cells recruited to the site of infection
and can reach it within a few hours. Once they have reached the tissue from
circulation, neutrophils can exert various antimicrobial functions such as
phagocytosis, reactive oxygen species (ROS) production, degranulation, and the
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generation of neutrophil extracellular traps (NETs) (Kolaczkowska & Kubes,
2013).
The recognition of invading pathogens by neutrophils is the first step of
neutrophil activation and the performance of antimicrobial activities. Toll-like
receptors (TLRs) expressed by neutrophils can recognize and bind to various
pathogen-associated molecular patterns (PAMPs). Neutrophils also express the
IgG receptors FcγRI (CD64), FcγRII (CD32), and FCγRIII (CD16) which
recognize IgG antibodies deposited onto the surface of microbes (Kolaczkowska
& Kubes, 2013). During phagocytosis, actin rearrangement is required for
neutrophils to envelope the microbe bound to a receptor and encase it in a
phagosome. The phagosome is then fused to a lysosome, which results in the
release of antimicrobial compounds and proteases into the lumen of the
phagolysosome to degrade the enclosed microbe (Hurst, 2012; Kobayashi,
Malachowa, & DeLeo, 2018).
Neutrophils are uniquely able to produce large amounts of reactive oxygen
species (ROS) due to their NADPH oxidase. For example, during the neutrophil
oxidative burst, molecular oxygen (O2) is consumed at a rate 10 times higher
than basal levels, which leads to the production superoxide anions (O2.−), which
can then be converted to hydrogen peroxide (H2O2) via dismutation. H2O2 can
then be further converted into water and oxygen via the enzyme catalase or can
be converted into hydroxyl radicals (.OH) and hydroxide anions (OH-) in the
presence of iron through the Fenton reaction. H2O2 can also be converted into
3

hypochlorite (OCl-) by myeloperoxidase (MPO), which is also abundantly
expressed in neutrophils. O2.− can also react with nitric oxide (NO) to form
peroxynitrite (ONOO-) (Winterbourn, Kettle, & Hampton, 2016). These reactive
oxygen species can then damage lipids, nucleic acids, and proteins, which
negatively impacts the viability of invading pathogens as well as adjacent host
cells. For example, lipid peroxidation by ONOO- and .OH can damage cellular
membranes and lead to activation of apoptosis pathways (Fruhwirth, Loidl, &
Hermetter, 2007). In addition, oxidation of DNA can lead to strand breaks,
leading to necrosis or maladaptive apoptosis (Auten, Whorton, & Mason, 2002),
whereas oxidation of proteins can impair their enzymatic activities and cause
them to become irreparably damaged (Stadtman & Levine, 2000).
Currently, there are four known types of neutrophil granules. Primary
granules (also called azurophilic) contain antimicrobial compounds such as MPO,
neutrophil elastase, defensins, and cathepsins (Lacy, 2006). Secondary granules
(also called specific granules) most notably contain lactoferrin, while tertiary
granules (also called gelatinase granules) contain gelatinase. Lastly, secretory
granules contain serum and are the most rapidly moving intracellular structure of
neutrophils. They are richly decorated with receptors that can be reused when
the secretory vesicle fuses with the cell membrane. Secretory granules are the
only granules which do not contain lysozyme, which can inhibit bacterial
pathogens by hydrolyzing bacterial peptidoglycan (Borregaard & Cowland, 1997).
Degranulation can be induced in response to several stimuli such as bacterial F4

MLP and chemokines such as IL-8; however, many of the specific stimuli and
mechanisms that lead to neutrophil degranulation are unknown. One of the best
characterized mechanisms of granule exocytosis is through increases of
intracellular calcium ions (Ca2+), which leads to the induction of several
intracellular signaling events, such as phosphatidylinositol 3-kinase (PI3K)-γ
signaling, GTP-binding proteins such as GTPases, β-arrestin, and src-family
tyrosine kinases such as p38 MAP kinase (Lacy, 2006).
Lastly, a novel form of neutrophil apoptosis was discovered in 1996 after
neutrophils were treated with phorbol 12-myristate 13-acetate (PMA) (Takei et
al., 1996). This neutrophil response resulted in the extrusion of decondensed
neutrophil DNA from the cell body. The extruded DNA was found to form net-like
structures, and these neutrophil extracellular traps (NETs) were shown to be able
to kill bacteria (Brinkmann et al., 2004). It is now understood that NETs consist of
neutrophil DNA and histones associated with several proteins, including
neutrophil elastase and MPO, and that NETosis can occur in response to several
stimuli, including bacteria, fungi, antibodies, and cytokines. This classical
response, now referred to as suicidal NETosis, often begins when neutrophils are
stimulated through TLRs, Fc receptors, or cytokines, which leads to a flux of Ca2+
into the cytoplasm from the endoplasmic reticulum. This flux leads to the
activation of membrane bound NADPH oxidases and subsequent intracellular
production of ROS, which then promotes the degradation of the nuclear envelope
and granule membranes. Neutrophil elastase and MPO released from these
5

granules, facilitated by peptidyl arginine deiminase 4 (PAD-4), leads to histone
degradation and decondensation of neutrophil DNA. As a result, the nuclear and
cytoplasmic components of the neutrophil combine and the NETs are released
when the cell membrane ruptures (Yang et al., 2016).
Neutrophil Subtypes
Mature neutrophils were once thought to be homogeneous, short-lived, and
transcriptionally inert, but much has been learned about their diversity and
complex functions in recent years (Silvestre-Roig, Hidalgo, & Soehnlein, 2016).
Neutrophil heterogeneity was first observed in response to methicillin-resistant
Staphylococcus aureus (MRSA) infection of mice, with the differentiation of three
distinct subtypes categorized by differences in the expression of cell surface
markers and toll-like receptors (TLR), cytokines and chemokines, and altered
abilities to activate macrophages. The first subtype, referred to as PMN-I,
produces IL-12 and CCL3, are CD49d+ and CD11b-, express
TLR2/TLR4/TLR5/TLR8, and classically activates macrophages. PMN-II
produces IL-10 and CCL-2, are CD49d- and CD11b+, express
TLR2/TLR4/TLR7/TLR9, and alternatively activate macrophages. PMN-N do not
produce cytokines and chemokines, are CD49d- and CD11b-, express
TLR2/TLR4/TLR9, and do not activate macrophages. Showing the significance of
these neutrophil subtypes in the context of infection, PMN-I were obtained from
MRSA-resistant mice, PMN-II were obtained from MRSA-susceptible mice, and
PMN-N were obtained from naïve mice (Tsuda et al., 2004).
6

In another study, different neutrophil subtypes with antitumorigenic or protumorigenic characteristics were discovered in tumor-associated neutrophil
(TAN) populations, which led to the distinction of N1 and N2 TAN subtypes,
respectively. N1 TANs possess anti-tumor functionality and have a high density
when in circulation whereas N2 TANs possess pro-tumor functionality and have a
low density in the circulation. N1 TANs produce tumor necrosis factor-α (TNF-α),
H2O2, and nitric oxide (NO), which facilitate killing of tumor cells. These
neutrophils also express CD86 and CD54, which aid in the activation of T cells.
N2 TANs, however, release large amounts of ROS and reactive nitrogen species
(RNS), undergo NETosis at higher rates, and promote angiogenesis by
producing vascular endothelial growth factor (VEGF), matrix metalloprotease 9,
and Oncostatin M, which further damages the area and exacerbates
tumorigenesis and metastasis. Moreover, increased production of ROS/RNS by
N2 neutrophils, along with increased expression of arginase-1, suppress antitumor T cell functions, which is discussed below (Fridlender et al., 2009; Wang et
al., 2018). It is also worth noting that neutrophils have been observed to increase
in the circulation and in tumors during cancer and, which is associated with a
poor prognosis (Schmidt et al., 2005; Sionov et al., 2015).
Lastly, experimental administration of endotoxin to patients resulted in
another group of neutrophil subtypes that were characterized by their nuclear
morphology (banded, segmented, or hypersegmented) and expression levels of
the cell surface markers CD16 (Fc-gamma III receptor) and CD62L (L-selectin)
7

(Pillay et al., 2010; Pillay et al., 2012). Neutrophils expressing high levels of both
CD16 and CD62L are typically associated with segmented nuclei that possess
approximately four lobes and are the most commonly isolated subtype from the
bloodstream under normal conditions (Pillay et al., 2012). Neutrophils expressing
low levels of CD16 and high levels of CD62L present with banded nuclei, tend to
be immature, and can be released from the bone marrow in instances of trauma
and injury (Puyo et al., 2019; Pillay et al., 2010). Neutrophils expressing low
levels of both CD16 and CD62L are often associated with aging and apoptosis
(Pillay et al., 2012). Of particular interest in many studies are neutrophils that
highly express CD16, express low levels of CD62L, and possess
hypersegmented nuclei. These hypersegmented, CD16hi/CD62Llo neutrophils
have been observed in response to several conditions such as sterile
inflammation (endotoxemia), septic shock, cancer, viral infection with lymphocytic
choriomeningitis virus (LCMV), and bacterial infection with Helicobacter pylori
(Pillay et al., 2012; Darcy et al., 2014; Wang et al., 2020; Liang et al., 2019;
Whitmore et al., 2017). Importantly, CD16hi/CD62Llo neutrophils have been
observed to differentiate before release into the bloodstream and are
demonstrated to have a distinct proteome when compared to the other subtypes
classified by their expression of CD16 and CD62L and nuclear morphology (Tak
et al., 2017). Once differentiated, CD16hi/CD62Llo neutrophils can impact the
adaptive immune system through elevated production of arginase-1 and ROS,
both of which can reduce expression of the ζ-chain of the T cell receptor (TCRζ),
8

which negatively impacts the ability of T cells to become activated and proliferate
(Leliefeld, Koenderman, & Pillay, 2015). Arginase-1 is an enzyme possessed by
granulocytes that converts L-arginine into L-ornithine and urea, which leads to Larginine depletion. This depletion reduces expression of TCRζ since T cells must
import adequate amounts of extracellular L-arginine to properly express TCRζ
and proliferate (Munder et al., 2006; Geiger et al., 2016). In addition, T cells
require large amounts of L-arginine during activation (Taheri et al., 2001).
Reactive oxygen species have also been found to reduce TCRζ expression
through a reduction in mRNA levels and/or direct alteration of proteins without
affecting other TCR components like CD3ε (CD3) (Cemerski, van Meerwijk, &
Romagnoli, 2003). So far, the only bacterium that has been observed to promote
CD16hi/CD62Llo subtype differentiation is H. pylori, where these neutrophils were
also shown to have an extended lifespan (Whitmore et al., 2017).
T Cells
T lymphocytes/T cells are derived from lymphoid derived progenitor cells and are
matured and selected in the thymus. Naïve T cells then enter the periphery
where they can survive for up to 10 years and be replaced by dividing peripheral
T cells. Mature T cells have three predominant classifications based on their
functions and coreceptor molecule: T helper cells, T regulatory cells, and
cytotoxic T cells. T cells with the CD8 coreceptor become cytotoxic T
lymphocytes upon activation through T cell receptor (TCR) stimulation and play a
very important role in the detection and control of cancer. CD8 interacts with
9

MHC-I, which is expressed on all nucleated cells. Activation by CD8 and TCR
stimulation results in proliferation of the T cell and the release of granzymes and
perforin, which are used to destroy the host cell that displays a tumor antigen
complexed to MHC-I (Tay, Richardson, & Toh, 2020).
T cells with the CD4 coreceptor can become T helper cells or T regulatory
cells based on the cytokine environment in which they are activated by TCR
stimulation. CD4 interacts with MHC-II, expressed on antigen presenting cells.
Interaction of CD4 with MHC-II and TCR interaction with antigen will result in the
proliferation of the T cells and production of cytokines by the T helper cell, which
shape the course of inflammation through the release of either anti-inflammatory
or proinflammatory cytokines depending on T cell subtype. For example, Th1 T
helper cells activate CD8+ T cells through the production of IL-2, which can result
in anti-tumor activity. Th1 cells can also have anti-tumor effects themselves by
producing tumor necrosis factor α (TNFα) and interferon γ (IFNγ) (Tay,
Richardson, & Toh, 2020). Th2 cells, on the other hand, are thought to cause a
pro-tumorigenic environment by driving conditions towards a humoral response
over a cell-mediated immune response and by releasing IL-10 and promoting
angiogenesis (Ellyard, Simson, & Parish, 2007). Regulatory T cells are
differentiated from naïve CD4+ T cells when stimulated in the presence of
transforming growth factor β (TGFβ) and possess immunosuppressant properties
(Tay, Richardson, & Toh, 2020).
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T Cell Receptor
T cells are able to respond to a broad repertoire of antigens due to genetic
recombination of T cell receptor (TCR) genes Tcra, Tcrb, Tcrg, and Tcrd.
Recombination of Tcra and Tcrb will lead to the formation of an αβ T cell,
accounting for the majority of T cells, whereas recombination of Tcrg and Tcrd
will result in the formation of γδ T cells (occurring for less than 5% of T cells). The
αβ or γδ chains are accompanied by CD3 and two ζ-chain molecules to form the
complete TCR. CD3 is composed of two CD3ε chains, one CDδ chain, and one
CDγ chain. All components of the TCR are required for successful stimulation
and signaling of the T cell as measured by cytokine production and proliferation.
The TCR is often accompanied by the costimulatory receptor CD28 which binds
to CD80 and CD86 on antigen presenting cells (APCs) and increases T cell
activation-dependent cytokine production and proliferation (Birnbaum et al.,
2014).
Arginine
T cells have very specific nutritional requirements in order to become activated
and proliferate. Arginine metabolism is one of the most important pathways in T
cell activation and in the survival of memory T cells because it serves as a
building block of proteins and a precursor for several metabolites and nitric oxide,
which are important for immunomodulation (Taheri et al., 2001). Arginine can be
taken up from the extracellular environment by specialized transporters such as
cationic amino acid transporter-1 (CAT-1) or it can be synthesized unsustainably
11

by autophagic protein degradation pathways. In addition, the biosynthetic
pathway composed of argininosuccinate synthetase (ASS), argininosuccinate
lyase (ASL), and argininosuccinate (ASA) can synthesize arginine from citrulline.
Approximately 60% of the body’s arginine is produced using this pathway in the
kidneys, and the role of this system has been established in macrophages;
however, its role in T cells remains poorly understood (Werner et al., 2013). In
contrast, the importance of extracellular arginine has been demonstrated for T
cells, as arginine depletion leads to reduced T cell proliferation, and elevated
extracellular arginine results in increased oxidative phosphorylation, decreased
glycolysis, and increased survival and generation of memory-like T cells due to
the activity of three arginine-sensing transcriptional regulators (Taheri et al.,
2001). Importantly, the CD16hi/CD62Llo neutrophil subtype, myeloid derived
suppressor cells (MDSCs), and tumor cells have all been shown to deplete
extracellular arginine through arginase-1 activity, which breaks down L-arginine
into urea and L-ornithine. It is this depletion of arginine that has been shown to
reduce T cell activation and proliferate by reducing expression of the ζ-chain of
the TCR (TCRζ) (Munder et al., 2006; Taheri et al., 2001).
Reactive Oxygen Species
Reactive oxygen species have also been demonstrated to reduce TCRζ chain
activity; however, as opposed to reducing expression as is seen during arginine
depletion, reactive oxygen species structurally alter the TCRζ chain, which
renders it unable to be used in signaling while leaving other TCR-CD3 complex
12

proteins, like CD3ε, unaltered. This mechanism has been reported in
hyporesponsive T cells isolated from cancer patients and in an in vitro model of
hyporesponsive T cells after coincubation with activated neutrophils. Other
studies report reduced levels of TCRζ mRNA in tumor-infiltrating T cells in mice
(Cemerski, van Meerwijk, & Romagnoli, 2003). The CD16hi/CD62Llo neutrophil
subtype and MDSCs have also been reported to cause reduction of TCRζ chain
activity through elevated ROS production, as well as through the activity of
increased arginase-1 mentioned above (Leliefeld, Koenderman, & Pillay, 2015;
Hesselink et al., 2019).
Hypoxia and HIF-1
Hypoxic microenvironments can occur in the body where available oxygen is
being consumed at higher rates than normal during processes such as
transforming growth, immune cell activity, infection, and wound healing. During
tumor growth, the rapid proliferation of tumor cells leads to the elevated
consumption of available oxygen, which exceeds the capacity of the vasculature
and leads the body to promote further vascularization of the area. Oxygen
gradients caused by hypoxic microenvironments can enhance the heterogeneity
of cells in the tumor, contributing to metastasis and making the tumor more
resistant to treatment (Jing et al., 2019). Immune cell activity can also lead to a
hypoxic microenvironment because activated immune cells consume large
amounts of oxygen in order to maintain the metabolism required to produce
reactive oxygen species, metabolites, and humoral factors used to fight infection.
13

For example, production of ROS by neutrophil NADPH oxidase is a major
consumer of oxygen and a driver of regional hypoxia (Chen & Gaber, 2021).
Moreover, hypoxia itself can cause the activation of proinflammatory pathways in
immune cells, compounding the effect (Kiers et al., 2016). Not surprisingly,
hypoxic microenvironments commonly occur in tissues infected by various
pathogens due to the host inflammatory response and even the consumption of
oxygen by the pathogen itself (Schaffer & Taylor, 2015). These hypoxic
microenvironments can then promote host cell survival and restrict pathogen
growth by limiting oxygen availability and promoting further activation of immune
cells. These same effects can also be detrimental for the host, as hypoxia can
cause inappropriately sustained host cell survival, leading to tumorigenesis, and
drive bacteria to invade host cells (Chen & Gaber, 2021). In addition to
tumorigenesis and infection, oxygen is also important to wound healing.
Importantly, hypoxia often occurs early in the course of injury due to increased
consumption of oxygen by neighboring cells and fibroblasts, the recruitment of
immune cells (predominantly M2 macrophages), and the disrupted vasculature.
This hypoxia can be beneficial as it triggers cell survival and proliferation and
restricts the growth of pathogens that may take advantage of the injury. Further,
hypoxia-induced activation of immune cells and the resulting production of ROS
at the site of injury provides additional protection from pathogens. However,
oxygenation must be restored to the wound later in the healing process for
normal functioning (Hong et al., 2014). In cases where hypoxia becomes
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persistent, it can lead to poorly healed injuries or increased tissue damage
caused by immune cells. Furthermore, dysregulated hypoxia can promote or
worsen cancer progression (Chen & Gaber, 2021).
Hypoxia inducible factor-1 (HIF-1) is an oxygen-sensitive transcriptional
regulator which helps cells adapt to hypoxic conditions. HIF-1 is a heterodimer
composed of an alpha and a beta subunit joined by a PAS domain. Normoxia
causes hydroxylation of prolyl residues on the HIF-1α subunit, which leads to von
Hippel-Lindau-dependent polyubiquitination of HIF-1α resulting in proteasomal
degradation of the subunit. While HIF-1α is rapidly degraded under normal
oxygen conditions, the HIF-1β subunit is constitutively expressed. Under hypoxic
conditions and in the presence of reactive oxygen species, HIF-1α is stabilized,
and HIF-1 can exert its function as a transcriptional regulator (Schaffer & Taylor,
2015; Semenza, 2003). HIF-1 has direct effects on at least 60 gene targets;
however, in concert with other transcriptional regulators it is estimated to affect
hundreds of genes. Genes influenced by HIF-1 in epithelial cells include those
involved in cell proliferation and survival, erythropoiesis, angiogenesis and
vascular tone, metabolism, and motility and cell adhesion and include specific
genes such as vascular endothelial growth factor (VEGF), erythropoietin (EPO),
transforming growth factor-α and β3 (TGF-α and TGF-β3), nitric oxide synthase 2
(NOS2), and genes involved in glucose transport, glycolysis, and
gluconeogenesis such as glucose transporter 1 and 3, hexokinase 1 and 2,
phosphofructokinase, and pyruvate kinase (Semenza, 2003). These
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aforementioned genes can play a role in the formation or progression of tumor
cells, as they benefit metastasis, metabolic switch to glycolysis (Warburg effect),
vascularization, and proliferation and cell survival involved in cancer
development (Tafani et al., 2013).
Inflammation and NF-κB
In response to stimuli such as infection, injury, and hypoxia, inflammation can
occur as the immune system works to defend and maintain tissue homeostasis.
When inflammation is properly regulated, it can clear pathogens, orchestrate the
immune response, stimulate tissue repair, and help cells survive during nonideal
conditions such as hypoxia. Inappropriately strong or prolonged inflammation
can, however, lead to tissue and DNA damage from immune effectors such as
ROS, NETs, and granule contents (Xia, Shen, & Verma, 2014; Liu et al., 2017).
Further, inflammation can lead to increased hypoxia due to immune cell
processes and host tissue damage. Dysregulation of inflammation that leads to
tissue damage, inappropriate cell survival, and hypoxia can promote
tumorigenesis, which is a mechanism whereby infection can lead to the
development of cancers (D’Ignazio, Bandarra, & Rocha, 2016; Tafani et al.,
2013).
The NF-κB family of transcription factors play an important regulatory role
in immune responses. The NF-κB family consists of five subunits, including p65
(also called RelA), which is involved in the canonical pathway of NF-κBdependent immune activation. This pathway is activated in response to various
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molecules stimulating diverse cell surface receptors such as pattern-recognition
receptors, T and B cell receptors, and cytokine receptors (Xia, Shen, & Verma,
2014). Activation of p65 by phosphorylation results in the upregulation of many
proinflammatory and pro-tumorigenic targets, including genes involved in the
immune response, cytokine production, cell survival, cell proliferation,
angiogenesis, tumor metabolism, and tumor metastasis (Xia, Shen, & Verma,
2014; Schaffer & Taylor, 2015). Like HIF-1, NF-κB is activated during tumor
development and progression and infection (Semenza, 2003). Because hypoxia
often occurs as a result of inflammation during bacterial infection, increased HIF1 and NF-kB activity are often observed together and have been estimated to
lead to the transcription of hundreds of pro-tumorigenic genes (Liu et al., 2017).
Campylobacter jejuni
Campylobacter spp. are members of the phylum Epsilonproteobacteria and are
closely related to Helicobacter. Campylobacter spp. are a leading cause of
bacterial-derived gastroenteritis worldwide, with the species Campylobacter jejuni
accounting for the majority of cases (Kaakoush et al., 2015). C. jejuni are helical
Gram-negative bacteria that possess amphitrichous bipolar flagella for motility. C.
jejuni grows optimally at 40℃ under microaerobic conditions. In either aerobic or
aquatic environments, which are not optimal for C. jejuni growth, the bacterium
has been observed to form biofilms that require the flagella and an intact quorum
sensing system (Reeser et al., 2007). Due to this lack of thriving, viable C. jejuni
is often found colonizing the gastrointestinal tracts of many agricultural animals,
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including poultry, cattle, and pigs. It is often after C. jejuni is released from these
animals during food processing or through environmental contamination by
livestock facilities that humans are exposed to the bacterium by consumption of
contaminated meat, milk, or drinking water (Elmi et al., 2021).
Infection
Infection with C. jejuni often presents as self-limiting, moderate-to-severe
inflammatory diarrhea (which is frequently bloody), abdominal cramps, fever,
nausea, vomiting, and malaise (Man, 2011; Havelaar et al., 2015). This is due to
C. jejuni adhering to and invading the colonic epithelium, where it causes toxinmediated damage and inhibition of fluid reabsorption. Acute C. jejuni infection
results in high levels of neutrophil recruitment and activity, which may contribute
to severe inflammation at the site of infection (Shank et al., 2018; Negretti et al.,
2020; Allen, 2007).
Asymptomatic carriage of Campylobacter spp. has become increasingly
appreciated due to its prevalence in pediatric populations in the developing world
and its association with the development of environmental enteric dysfunction
(EED) in these populations (Amour et al., 2016; Chen et al., 2021). Further, these
asymptomatic Campylobacter infections have been shown to correlate with
stunted growth in children and increased intestinal permeability (Lee et al., 2013).
However, because asymptomatic carriage often occurs in developing countries,
this has led to a lack of studies of both asymptomatic Campylobacter infections
and Campylobacter infection in developing countries.
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The incidence of persistent Campylobacter infection is also understudied;
however, it has been reported in multiple studies for both immunocompetent and
immunocompromised individuals (Bloomfield et al., 2017; Najjar et al., 2020;
Barker et al., 2020). Changes to genes involving motility and antimicrobial
susceptibility were reported in strains isolated from an immunocompetent
individual that experienced a persistent C. jejuni infection (Bloomfield et al.,
2017). Similarly, changes to genes involved in antimicrobial resistance and
motility were observed in two immunocompromised individuals with persistent C.
jejuni infections (Barker et al., 2020; Bloomfield et al., 2021). Infection of human
volunteers with C. jejuni also showed that genes involved in the modification of
flagella, host cell invasion, and bile sensing were altered between strains
associated with acute or persistent infection (Crofts et al., 2018). Unfortunately,
data regarding persistent C. jejuni infection is very limited and mostly relies on
single case studies.
Post-infectious sequelae including reactive arthritis, Guillain-Barré
syndrome, and irritable bowel syndrome have been documented following
infection with C. jejuni; however, the incidence of these disorders are still being
investigated. A meta-analysis from 2014 reported that approximately 7% of
Campylobacter cases resulted in development of one of those three postinfectious sequelae. A 2018 pilot study assessed the incidence of Campylobacter
post-infectious disorders in one county in Arizona for a year and found that over
half of the participants experienced post-infectious sequelae 4 to 6 weeks after
19

the onset of acute campylobacteriosis. This pilot study suggests that a larger
study encompassing more diverse populations to obtain data about the incidence
of post-infectious sequelae is warranted (Barrett et al., 2018).
Campylobacter jejuni and Cancer Incidence
Despite the above consequences and prevalence of Campylobacter spp.
infection, very little is known about the relationship between Campylobacter spp.
and cancer (Graham, 2000; Moss, 2016; Wroblewski, Peek, & Wilson, 2010).
One study followed Swedish patients who had previously had a C. jejuni infection
for a mean of approximately 7.6 years post-infection and observed that patients
were not at increased risk for developing gastrointestinal cancers but were
predisposed to melanomas and squamous cell skin cancers. A significant
limitation of this study is that the average time to follow-up is shorter than
conservative estimates for the progression of adenomas to carcinomas (5-10
years), suggesting the authors surveyed study participants too early to capture
the true impact of C. jejuni infection on gastrointestinal cancer development
(Brauner et al., 2010). More recent studies have examined the microbiota of
colonic polyps and healthy marginal tissues (HMT) using 16S rRNA gene
sequencing, finding that Campylobacter genus sequences are enriched in colonic
polyps of Italian, Canadian, Chinese, and Spanish cohorts when compared to the
HMT (Mangifesta et al., 2018; Allali et al., 2015; Warren et al., 2013). Nothing is
known about how infection presentation (acute, asymptomatic, or persistent)
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correlates with cancer incidence following C. jejuni infection, nor at what stage of
cancer progression C. jejuni infection could have the largest impact.
Cytolethal Distending Toxin and Cancer
Campylobacter jejuni can induce DNA damage through secretion of cytolethal
distending toxin (CDT), which enters the nucleus where it exhibits type I DNase
activity and catalyzes double-strand breaks (Saha et al., 2020). During C. jejuni
infection, CDT can cause a distended appearance of epithelial cells, eventually
leading to the disintegration of the cell. C. jejuni-encoded CDT has also been
shown to cause irreversible stalling at the G2 phase of the cell cycle (Whitehouse
et al., 1998). One study provided molecular evidence for a link between C. jejuni
and colorectal cancer, concluding that CDT may play a crucial role in the
development and worsening of tumors. In this study, germ-free (GF) ApcMin/+
mice were infected with both wild-type C. jejuni and a CDT mutant, followed by
administration of 1% dextran sulfate sodium for 10 days. The authors of this
study found that infection with wild-type C. jejuni resulted in increased numbers
and size of tumors in the distal colon when compared to both uninfected mice
and mice infected with a CDT mutant, which suggests that C. jejuni may promote
colorectal tumorigenesis through the action of CDT. This group also
demonstrated that DNA damage was increased in enteroids infected with wildtype C. jejuni compared to those infected with the CDT mutant, providing a
potential explanation for the mechanism by which C. jejuni CDT promotes
tumorigenesis (He et al., 2019). As of this time, there are no other mechanistic
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studies investigating the correlation between C. jejuni infection and the
development of cancer.
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CHAPTER TWO: INTRODUCTION
Neutrophils are the most abundant leukocyte in the human body and are often
the first immune cells recruited to the site of infection. At this site, neutrophils
exert various antimicrobial functions such as phagocytosis, degranulation,
reactive oxygen species (ROS) production, and the generation of neutrophil
extracellular traps (NETs). Importantly, many of these activities are potent
inducers of inflammation and can damage surrounding host tissue
(Kolaczkowska & Kubes, 2013). Neutrophils were once thought to be
homogeneous, short-lived, and transcriptionally inert, yet much has been learned
about their diversity and complex functions in recent years (Silvestre-Roig,
Hidalgo, & Soehnlein, 2016). Neutrophil heterogeneity was first observed in
response to Staphylococcus aureus infection, with neutrophil subtype differences
in cell surface marker and toll-like receptor (TLR) expression, cytokine and
chemokine production, and altered ability to activate macrophages (Tsuda et al.,
2004). In another study, neutrophil subtypes with antitumorigenic or protumorigenic characteristics were discovered in tumor-associated neutrophil
(TAN) populations, which led to the distinction of N1 and N2 TAN subtypes,
respectively (Fridlender et al., 2009). Lastly, experimental administration of
endotoxin to patients resulted in neutrophil subtypes that are characterized by
their nuclear morphology (banded, segmented, or hypersegmented) and
expression levels of the cell surface markers CD16 (Fc-gamma III receptor) and
CD62L (L-selectin) (Pillay et al., 2010; Pillay et al., 2012). Neutrophils expressing
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high levels of both CD16 and CD62L are typically associated with segmented
nuclei with approximately four lobes and are most commonly isolated from the
bloodstream under normal conditions (Pillay et al., 2012). Neutrophils expressing
low levels of CD16 and high levels of CD62L present with banded nuclei, tend to
be immature, and are released from the bone marrow in instances of trauma and
injury (Hesselink et al., 2019; Puyo et al., 2019). Neutrophils expressing low
levels of CD16 and CD62L are often associated with aging and apoptosis (Pillay
et al., 2012). Of particular interest in many studies are neutrophils that highly
express CD16, express low levels of CD62L, and possess hypersegmented
nuclei. These hypersegmented, CD16hi/CD62Llo neutrophils have been observed
in response to several conditions such as sterile inflammation (endotoxemia),
septic shock, cancer, viral infection with lymphocytic choriomeningitis virus
(LCMV), and bacterial infection with Helicobacter pylori (Pillay et al., 2010; Darcy
et al., 2014; Wang et al., 2020; Liang et al., 2019; Whitmore, Weems, & Allen
2017). These neutrophils have been demonstrated to have a proteome distinct
from banded and segmented neutrophils and have been observed to differentiate
before release into the bloodstream (Tak et al., 2017). Once differentiated,
CD16hi/CD62Llo neutrophils can impact the adaptive immune system through
elevated production of arginase-1 and ROS, both of which can reduce
expression of the ζ-chain of the T cell receptor (TCRζ), which negatively impacts
the ability of T cells to become activated and proliferate (Leliefeld, Koenderman,
& Pillay, 2015). Arginase-1 is an enzyme possessed by granulocytes that
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converts L-arginine into L-ornithine and urea, which leads to L-arginine depletion.
This depletion reduces expression of TCRζ since T cells must import adequate
amounts of extracellular L-arginine to properly express TCRζ and proliferate
(Munder et al., 2006; Taheri et al., 2001). Moreover, T cells require large
amounts of L-arginine during activation (Geiger et al., 2016). Reactive oxygen
species also reduce TCRζ expression, which has been reported to occur via a
reduction in mRNA levels and/or direct alteration of proteins without affecting
other TCR components like CD3ε (CD3) (Cemerski, van Meerwijk, & Romagnoli,
2003). To our knowledge, the only bacteria which has been observed to promote
CD16hi/CD62Llo subtype differentiation is H. pylori, where these neutrophils were
also shown to have an extended lifespan (Whitmore, Weems, & Allen, 2017). In
our study, we investigated whether the closely related gastrointestinal pathogen
Campylobacter jejuni induces similar effects to build the field’s understanding of
bacterially-induced differentiation of neutrophil subtypes and their potential
downstream effects on the host.
Campylobacter spp. are a leading cause of bacterially derived
gastroenteritis worldwide, with infection often presenting as a self-limiting,
moderate-to-severe inflammatory diarrhea (Man, 2011; Havelaar, 2015).
Recently, asymptomatic carriage of Campylobacter spp. has become
increasingly appreciated due to its association with the development of
environmental enteric dysfunction (EED) in pediatric populations in the
developing world (Amour et al., 2016; Chen et al., 2021). As a result, in cases of
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Campylobacter carriage, the impact of the pathogen on human health may need
to be considered similar to H. pylori, where infection can persist (Kusters, van
Vliet, & Kuipers, 2006). Beyond this, there are several similarities that exist
between what has been found during infection with H. pylori and C. jejuni. For
example, both H. pylori and C. jejuni infection result in high levels of neutrophil
recruitment and activity, which result in severe inflammation at the site of
infection (Allen, 2007; Shank et al., 2018; Negretti et al., 2020). Importantly, the
chronic neutrophilic response to H. pylori infection is believed to result from
immune dysregulation and has been suggested to contribute to the development
of gastric cancer (Goodwin, Armstrong, & Marshall, 1986). Further, H. pylori
infection results in DNA damage due to the generation of extracellular ROS by
recruited neutrophils and the bacterium itself, which contributes to the formation
of a pro-tumorigenic environment (Obst et al., 2000). Similarly, C. jejuni can
induce DNA damage through secretion of cytolethal distending toxin (CDT),
which enters the nucleus where it exhibits type I DNase activity and catalyzes
double-strand breaks (Saha et al., 2020). While H. pylori-associated gastric
cancer has been well established, and despite the similar activities mentioned
above and the prevalence of Campylobacter spp. infection, much less is known
about the relationship between Campylobacter spp. and cancer (Graham, 2000;
Moss, 2016; Wroblewski, Peek, & Wilson, 2010).
One previous study followed Swedish patients who had previously had a
C. jejuni infection for a mean of approximately 7.6 years post-infection and
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observed that these patients were not at increased risk for developing
gastrointestinal cancers, but were predisposed to melanomas and squamous cell
skin cancers (Brauner et al., 2010). A significant limitation of this study is that the
average time to follow-up is shorter than conservative estimates for the
progression of adenomas to carcinomas (5-10 years), which suggests the
authors surveyed study participants too early to capture the true impact of C.
jejuni infection on gastrointestinal cancer development (Davies, Miller, &
Coleman, 2005). More recent studies have examined the microbiota of colonic
polyps and healthy marginal tissues (HMT) using 16S rRNA gene sequencing,
finding that Campylobacter genus sequences are enriched in colonic polyps of
Italian, Canadian, Chinese, and Spanish cohorts when compared to the HMT
(Mangifesta et al., 2018; Warren et al., 2013; Allali et al., 2015). One study has
provided molecular evidence for a link between C. jejuni and colorectal cancer by
infecting germ-free (GF) ApcMin/+mice with both wild-type C. jejuni and a CDT
mutant, followed by administration of 1% dextran sulfate sodium for 10 days.
They found that infection with wild-type C. jejuni resulted in increased formation
and size of tumors in the distal colon compared to both uninfected mice and mice
infected with a CDT mutant, indicating that C. jejuni may promote colorectal
tumors through the action of CDT. This group also demonstrated that DNA
damage was increased in enteroids infected with wild-type C. jejuni compared to
those infected with the CDT mutant, providing a potential explanation for the
mechanism by which C. jejuni CDT causes tumorigenesis (He et al., 2019).
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Although some of these studies suggest there is an association between C. jejuni
infection and colorectal cancer, there is still very little information as to whether
this is truly causative and what the mechanism of tumorigenesis might be
following infection in humans, which underscores the need for more studies in
this area.
Important targets to investigate early in the development of colon cancer
in response to bacterial infection are hypoxia inducible factor-1 (HIF-1) and
activation of the p65 (also called relA) subunit of the NF-κB family of transcription
factors by phosphorylation, as both facilitate transcription of hundreds of protumorigenic and cancer progression genes (Tafani et al., 2013). Hypoxia
inducible factor-1 (HIF-1) is a transcriptional regulator which results in the
upregulation of hundreds of genes, including those involved in angiogenesis, cell
survival and proliferation, metabolism, and tumor metastasis. As a result,
elevated HIF-1 is often observed in cancer cells. The HIF-1α subunit is rapidly
degraded under normal oxygen conditions, but under hypoxic conditions, HIF-1α
is stabilized and leads to HIF-1 promoting expression of its targets (Semenza,
2003). Because hypoxia often occurs as a result of inflammation during bacterial
infection, increased HIF-1 activation occurs in host tissues, as well as
inflammation through NF-κB. The NF-κB family of transcription factors consists of
five subunits, including p65 (also called RelA), whose activation by
phosphorylation results in the upregulation of many proinflammatory and protumorigenic targets, including genes involved in cell survival, cell proliferation,
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angiogenesis, tumor metabolism, and tumor metastasis (Liu et al., 2017; Chen &
Gaber, 2021). Like HIF-1, NF-κB is activated during tumor development and
progression and is often elevated in cancer cells (Xia, Shen, & Verma, 2014).
Hypoxia and inflammation caused by bacterial infection could result in
tumorigenesis in host tissues via the actions of HIF-1 and NF-κB, a process
which, to our knowledge, has yet to be studied in the context of C. jejuni infection
(Schaffer & Taylor, 2015).
In this study, we demonstrate that primary human neutrophils differentiate
into discrete subtypes following interaction with C. jejuni in a dose and timedependent manner, including a majority that differentiated into the
CD16hi/CD62Llo subtype. We visually determined that a significant number of
primary human neutrophils exhibited nuclear hypersegmentation during
interaction with C. jejuni. These neutrophil populations were also found to exhibit
reduced apoptosis when compared to uninfected neutrophils. Because the
hypersegmented, CD16hi/CD62Llo neutrophil subtype has been suggested to
inhibit T cells through increased production of arginase-1 and ROS, we quantified
these molecules following interaction of C. jejuni with primary human neutrophils
and found both were significantly elevated (Munder et al., 2006; Pillay et al.,
2010; Leliefeld, Koenderman, & Pillay, 2015). Such a result suggests that
following interaction with C. jejuni, neutrophils may contribute to the creation of a
pro-tumorigenic environment through inhibition of T cells. To determine the
impact of hypersegmented, CD16hi/CD62Llo neutrophils on T cells, we measured
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TCRζ expression in Jurkat T cells after coincubation with C. jejuni-infected
neutrophils and observed significantly reduced expression of TCRζ. To
determine whether arginase-1 or ROS from C. jejuni-infected neutrophils was
impacting TCRζ expression, we supplemented the media with either L-arginine to
counteract the action of arginase-1 or L-ascorbic acid to counteract the action of
ROS. We found that supplementation with L-arginine but not L-ascorbic acid
restored TCRζ in Jurkats incubated with C. jejuni-infected neutrophils. Lastly,
because CD16hi/CD62Llo neutrophils may impact human colonocytes at the site
of infection, we similarly incubated human HCT-116 colonocytes with C. jejuniinduced CD16hi/CD62Llo neutrophils and observed significantly increased
stabilization of the HIF-1α subunit and phosphorylation of the p65 subunit of NFκB in colonocytes (Chen & Gaber, 2021). Taken together, these results suggest
that neutrophil subtype differentiation in response to C. jejuni infection could
facilitate pro-tumorigenic conditions within colonocytes while simultaneously
inhibiting the T cell response, allowing tumorigenesis to begin and go undetected
by the human immune system. This study is important in progressing our
understanding of neutrophil subtypes and C. jejuni’s association with colorectal
cancer, both of which are understudied and relatively new fields.
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CHAPTER THREE: MATERIALS AND METHODS
Strains and Culture Conditions
C. jejuni strain 81-176 was grown for 48 hours at 37℃ in microaerobic conditions
(85% N2, 10% CO2, and 5% O2) on Mueller-Hinton agar supplemented with 10%
sheep’s blood and 10 μg/mL trimethoprim. Salmonella enterica serovar
Typhimurium strain SL1344 was grown for 24 hours at 37℃ in microaerobic
conditions on Mueller-Hinton agar supplemented with 10% sheep’s blood.
Helicobacter pylori strain 60190 was grown for 72 hours at 37℃ in microaerobic
conditions on Mueller Hinton agar supplemented with 10% sheep’s blood.
Isolation of Primary Human Neutrophils
Human neutrophils were isolated from venous blood from healthy adult
volunteers as described previously and in accordance with the Institutional
Review Board at the University of Tennessee (UTK IRB-18-04604-XP) (Callahan
et al., 2021). Venous blood was drawn into EDTA-coated vacutainers before
being added to 20 mL 1 X phosphate buffered saline (PBS). Then, 10 mL
lymphocyte separation medium was underlaid before centrifugation at 1400 rpm
for 30 minutes with the brake off. Everything but the red blood cell and neutrophil
pellet was aspirated off, and the pellet was resuspended in 20 mL Hank’s
balanced salt solution and 20 mL 3% dextran in 0.9% sodium chloride. After a
20-minute incubation at room temperature, the upper layer containing neutrophils
was added to a clean tube and centrifuged at 400 x g for 5 minutes. The
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supernatant was decanted, and the cell pellet washed by resuspending in 20 mL
0.2% sodium chloride, then 20 mL 1.6% sodium chloride was added before
centrifuging again at 400 x g for 5 minutes. The supernatant was decanted, and
the cell pellet was washed again as described in the previous step. After
centrifugation at 400 x g for 5 minutes, the cell pellet was resuspended in RPMI +
10% fetal bovine serum (FBS) and neutrophils were enumerated, and viability
was determined using Trypan blue.
Infection of Neutrophils with Bacteria
Bacterial cells were suspended in RPMI 1640 + 10% FBS and normalized to an
OD600=1.0 before being serially diluted and plated for enumeration of colony
forming units (CFU). Unless otherwise specified, neutrophils were infected with
the bacterial strains mentioned above in 200 μL RPMI 1640 + 10% FBS at a
multiplicity of infection (MOI) of 1:1 (one neutrophil to one bacterial cell) under
microaerobic conditions at 37℃.
Flow Cytometry Analysis of Neutrophil Populations
Neutrophils were prepared for flow cytometry as previously described (Callahan
et al., 2021). Unless specified otherwise, 106 neutrophils were used for each
replicate. After infection, neutrophils were centrifuged at 400 x g for 5 minutes,
washed three times in 1 X PBS, then incubated with Live/Dead Near-IR (NIR)
stain (Thermo). Cells were then blocked in SuperBlock blocking buffer in PBS
(Thermo) before incubation with antibodies against CD16 and CD62L
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(Biolegend). Cells were then fixed in fixation buffer (Biolegend) and stored in
FACS buffer until analysis. Data was processed using BD and FlowJo software.
Fluorescent Microscopy of Neutrophil Nuclear Morphology
Fluorescent microscopy was performed to assess nuclear morphology. Briefly,
106 neutrophils were added to 35 mm poly-D-lysine coated coverslip dishes
(MatTek) in a total volume of 500 μL RPMI 1640 + 10% FBS and incubated
under microaerobic conditions at 37℃ for one hour before 106 C. jejuni cells were
added in 100 μL RPMI 1640 + 10% FBS to a final MOI of 1:1. After incubation for
0, 1, 5, and 24 hours under microaerobic conditions at 37℃, the cells were fixed
in fixation buffer (Biolegend), washed three times in 1 X PBS, permeabilized with
0.5% Triton X-100, washed again in 1 X PBS, incubated in SuperBlock blocking
buffer in PBS (Thermo) for 30 minutes in microaerobic conditions at 37℃,
incubated in 5 μM SYTOX Green in blocking buffer (Invitrogen) for one hour in
microaerobic conditions at 37℃, washed in 1 X PBS, and secured with a drop of
Mowiol (Sigma) mounting medium. Coverslips were stored in the dark at 4℃ until
they were imaged using both fluorescent and brightfield channels. At least 150
individual neutrophils were evaluated for their nuclear morphology per coverslip
and timepoint.
Detection of Apoptotic Neutrophils
After infection, neutrophils were collected by centrifugation and washed three
times with 1 X PBS before being resuspended in 150 μL Annexin binding buffer
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(Invitrogen). Five μL of Annexin-V AlexaFluor 488 (Invitrogen) was added to each
sample and incubated at room temperature for 15 minutes in the dark.
Neutrophils were then fixed in fixation buffer (Biolegend) and stored in the dark at
4℃ until flow cytometry analysis. Data was processed using BD and FlowJo
software.
Measuring HIF-1α and NF-κB in Colonocytes Following Coincubation with
Infected Neutrophils
HCT-116 colonic epithelial cells were regularly maintained in DMEM + 10% FBS
+ 1% L-glutamine + 1% Pen-strep in 5% CO2 at 37℃. HCT-116s were seeded
overnight in a 24-well tissue culture plate at a density of 106 cells per well in 1 mL
DMEM + 10% FBS + 1% L-glutamine + 1% Pen-strep. Before coincubation with
neutrophils, the cells were washed in 1 X PBS and 200 μL RPMI 1640 + 10%
FBS were added. Subsequently, C. jejuni alone, 100 μM cobalt (II) nitrate, or 105
neutrophils which had been uninfected or infected with C. jejuni for 5 hours at an
MOI of 1:1, were added to the HCT-116s and incubated for one hour in 5% CO2
at 37℃. After one hour, the supernatants were removed from the adherent HCT116s, thoroughly washed three times with 1 X PBS, and then HCT-116 proteins
were collected and analyzed by western blot as described below.
Western Blot Analysis of Neutrophil and Colonocyte Proteins
After incubation alone or with C. jejuni, 106 neutrophils were pelleted at 400 x g
and collected in equal volumes 1 X RIPA cell lysis buffer and 2 X Laemmli
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sample buffer. 106 HCT-116s were collected in 1 X RIPA cell lysis buffer and 2 X
Laemmli sample buffer after thorough washing as described above. Proteins
were separated on 10% SDS-PAGE gels and transferred at 250 milliamps for 2
hours onto nitrocellulose membranes using transfer buffer consisting of glycine,
SDS, and Tris base. The membranes were blocked in 5% nonfat dry milk in TBST, then incubated in one of the following antibodies (diluted 1:1000): antiarginase-1, anti-HIF-1α, anti-p65, anti-phosphorylated p65, or anti-β-actin (Cell
Signaling Technology) before detection with the appropriate HRP-conjugated
secondary antibody (diluted 1:2000) and Pico-Western luminol/enhancer
solution. Densitometry data for western blots were calculated using ImageJ
software and normalized to β-actin.
Quantification of Reactive Oxygen Species from Neutrophil Populations
After infecting with C. jejuni for 5 or 24 hours, 200 μL 1 mM nitroblue tetrazolium
chloride was added to 106 primary human neutrophils and incubated for 1 hour at
37℃ under microaerobic conditions. Cells were then collected by centrifugation,
resuspended, and lysed in 200 μL 2 M potassium hydroxide, and then solubilized
in 200 μL dimethyl sulfoxide. 100 μL of the resulting solution was then added to a
96 well plate and the absorbance was measured at 620 nm (Javvaji et al., 2020;
Esfandiari et al., 2003).
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Measuring T cell Receptor ζ-chain Expression Following Coincubation with
Infected Neutrophils
Jurkat T cells were regularly maintained in RPMI 1640 + 10% FBS + 1% Lglutamine + 1% Pen-strep in 5% CO2 at 37℃. Before coincubation, 106 Jurkats
were pre-incubated in 200 μL RPMI 1640 + 10% FBS that was unsupplemented
or supplemented with 1.5 mM L-arginine, 30 μM L-ascorbic acid, or 1 mM Lascorbic acid. These Jurkats were then incubated overnight with either C. jejuni
alone or with 106 neutrophils that had either been uninfected or infected with C.
jejuni for 5 hours in 200 μL RPMI 1640 + 10% FBS supplemented with 1.5 mM Larginine, 30 μM L-ascorbic acid, or 1 mM L-ascorbic acid. Cells were then
analyzed via flow cytometry as described above using antibodies against CD247
(TCRζ) and CD3 (CD3ε) (Biolegend). Data was processed using BD and FlowJo
software.
Statistical Analysis
Unless otherwise stated, data were analyzed by one-way ANOVA. Flow
cytometry data of CD16 and CD62L cell surface marker expression were
analyzed by two-way ANOVA. Arginase-1 western blot data was analyzed by
Mann-Whitney T-test. Statistical analysis was performed using Prism 7 software.
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CHAPTER FOUR: RESULTS
CD16hi/CD62Llo Subtype Differentiation of Campylobacter jejuni-infected
Neutrophils is MOI- and Time-dependent
Neutrophil subtypes are often characterized by CD16 and CD62L cell surface
marker expression and nuclear morphology. Neutrophils which highly express
both CD16 and CD62L are most commonly isolated from the bloodstream and
are associated with the archetypal 3 to 4 lobed nuclei. Neutrophils that express
low levels of CD16 but high levels of CD62L are associated with immature
neutrophils with banded nuclei. Apoptotic neutrophils often display low levels of
CD16 and CD62L (Pillay et al., 2012). Neutrophils which express high levels of
CD16 and low levels of CD62L display hypersegmented nuclei and have been
shown to have immunosuppressive effects in other systems, like in sepsis and
cancer (Darcy et al., 2014; Wang et al., 2020). As persistent Campylobacter
infections and reinfection with Campylobacter is observed, we suspect that the
adaptive immune system may be suppressed in Campylobacter infection;
however, very little is known about this (Amour et al., 2016; Chen et al., 2021).
Furthermore, hypersegmented, CD16hi/CD62Llo neutrophils have also been
observed in Helicobacter pylori infection, a close relative of Campylobacter jejuni
which can also present as a persistent infection; however, it has not been
elucidated whether hypersegmented, CD16hi/CD62Llo neutrophils as a result of
H. pylori infection have immunomodulatory effects (Whitmore, Weems, & Allen,
2017).
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To determine whether subtypes are observed during C. jejuni infection of
primary human neutrophils, we used flow cytometry to characterize the neutrophil
populations based on the abundance of CD16 and CD62L on individual cells.
Initially, we used various multiplicity of infections (MOIs), including 50:1 (bacterial
cells-to-neutrophils), 20:1, 5:1, 1:1, and 1:5 (Figure 1 A). After a five-hour
incubation, we observed that the majority (61.5%) of uninfected neutrophils
displayed CD16hi/CD62Lhi cell surface marker expression, which are archetypal
neutrophils. At 50:1, the majority (65.6%) of neutrophils displayed
CD16lo/CD62Lhi cell surface markers, whereas at 20:1, 48.3% of neutrophils were
CD16lo/CD62Lhi and 48.1% of neutrophils were CD16lo/CD62Llo. In contrast, at
an MOI of 5:1, only 9.5% of neutrophils were CD16lo/CD62Lhi, 39.2% were
CD16lo/CD62Llo, and 45.6% were CD16hi/CD62Llo. At 1:1, 6.5% of neutrophils
were CD16lo/CD62Lhi, and the proportion of CD16lo/CD62Llo neutrophils
decreased to 24.3% and CD16hi/CD62Llo neutrophils increased to 64.5%. At an
MOI of 1:5, 7% of neutrophils were CD16lo/CD62Lhi, 18.9% were
CD16lo/CD62Llo, and 70.5% of neutrophils were CD16hi/CD62Llo. This shows a
trend that lower MOIs result in the largest population of CD16hi/CD62Llo
neutrophils. Overall, these data indicate that the neutrophil response to C. jejuni
is dependent on bacterial concentrations, which lends remarkable evidence to
the plasticity of neutrophils, a concept only recently demonstrated. In addition,
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Figure 1: C. jejuni induction of CD16hi/CD62Llo neutrophils is multiplicity of
infection (MOI)- and time-dependent.
A. Neutrophils were left uninfected or infected with C. jejuni at the indicated
varying MOIs for 5 hours. Expression of CD16 and CD62L was measured
after 5 hours.
B. Neutrophils were left uninfected or infected with C. jejuni or Salmonella
Typhimurium at an MOI of 1:1. Expression of CD16 and CD62L was
measured at 0, 1, 5, and 24 hours.
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C. Neutrophils were left uninfected or infected with H. pylori at an MOI of 1:1.
Expression of CD16 and CD62L was measured at 5 and 24 hours.
Representative graphs, n=3. Percentage of neutrophils are displayed as mean +
SEM. Two-way ANOVA. *p<0.05, **p<0.01, ***p< 0.001, ****p<0.0001 compared
to A) uninfected, B) 0 hour uninfected, and C) uninfected at corresponding
timepoints.
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since C. jejuni infection can be established at low doses, this MOI is likely
physiologically relevant to C. jejuni infection (Teunis et al., 2018). Because an
MOI of 1:1 induced differentiation of a majority of the neutrophil population to the
CD16hi/CD62Llo phenotype, the remainder of the experiments were performed at
an MOI of 1:1.
To determine how time impacts differentiation to the CD16hi/CD62Llo
subtype, neutrophils were infected with C. jejuni at an MOI of 1:1 for 0, 1, 5, and
24 hours (Figure 1 B). Also, to compare the neutrophil response toward C. jejuni
to that of another gastrointestinal pathogen that is also capable of inducing
NETs, neutrophils were infected with Salmonella Typhimurium strain SL1344 and
the CD16 and CD62L markers were examined using the same time points
(Callahan et al., 2020). CD16hi/CD62Llo neutrophils were 8.1% of the uninfected
population at the zero-hour timepoint, 11.8% of the C. jejuni-infected neutrophil
population, and was significantly increased for S. Typhimurium-infected
neutrophils with 26.7% exhibiting the CD16hi/CD62Llo subtype. At one hour, 5.7%
of uninfected neutrophils were CD16hi/CD62Llo, 23.1% of C. jejuni-infected
neutrophils were CD16hi/CD62Llo, and 30.6% of S. Typhimurium-infected
neutrophils were CD16hi/CD62Llo. The results for both C. jejuni- and S.
Typhimurium-infected neutrophils were significantly different at the one-hour
mark. By five hours, 5.2% of uninfected neutrophils were CD16hi/CD62Llo
whereas both C. jejuni- and S. Typhimurium-infected neutrophils exhibited a
significant increase in the CD16hi/CD62Llo population at 35.5% and 14.3%,
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respectively. Although the abundance of CD16hi/CD62Llo neutrophils was still
significantly increased for S. Typhimurium-infected neutrophils at five hours when
compared to the zero-hour time point, the population of CD16hi/CD62Llo
neutrophils decreased at five hours when compared to one hour. By 24 hours of
infection with either C. jejuni or S. Typhimurium, very little of the neutrophil
population exhibited the CD16hi/CD62Llo phenotype with 1.9% of uninfected
neutrophils, 0.4% of C. jejuni-infected neutrophils, and 1.2% of S. Typhimuriuminfected neutrophils presenting as CD16hi/CD62Llo.
To test this assay using a bacterial strain that has already been found to
induce CD16hi/CD62Llo neutrophil differentiation, H. pylori 60190 was used to
infect primary human neutrophils and these cells were similarly analyzed by flow
cytometry (Figure 1 C). We observed that H. pylori-infected neutrophils exhibited
a significant increase in CD16hi/CD62Llo neutrophils at five hours (57.4%) and 24
hours (46.8%) when compared to uninfected neutrophils at the same time points
(6.8% and 8.9%, respectively). These results confirm those of previous studies
and support the methodology used to generate the observations that both C.
jejuni and S. Typhimurium infection lead to significant differences in
CD16hi/CD62Llo neutrophil populations, albeit for less time, since this subtype is
absent by 24 hours post-infection.
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C. jejuni-infected Neutrophil Populations Exhibit Higher Rates of
Hypersegmented Nuclear Morphology
Previous studies demonstrated that CD16hi/CD62Llo neutrophils possess
hypersegmented nuclei, with the number of nuclear lobes often exceeding four
(Pillay et al., 2012). To determine whether the subtype differentiation observed
above also leads to changes in nuclear morphology of C. jejuni-infected
neutrophils, we stained the neutrophil nuclei with Sytox and examined them by
fluorescent microscopy (Figure 2). The incidence of hypersegmentation of the
neutrophil nucleus, defined as five or greater nuclear lobes, was determined for
uninfected and C. jejuni-infected neutrophils at 0,1,5, and 24 hours post-infection
(Figure 3 A). At zero hours, 6.4% of uninfected neutrophils and 8.0% of C. jejuniinfected neutrophils exhibited hypersegmented nuclei. At one hour, 5.3% of
uninfected neutrophils and 7.1% of C. jejuni-infected neutrophils had
hypersegmented nuclei. The incidence of hypersegmented nuclei in C. jejuniinfected neutrophils was not significantly different when compared to uninfected
neutrophils until the five hour time point, which saw an increase in the incidence
of hypersegmentation in C. jejuni-infected neutrophils (20.3%) over uninfected
(3.1%). At 24 hours, a significant increase in the percentage of hypersegmented
nuclei was also observed in C. jejuni-infected neutrophils (10.9%) when
compared to uninfected (1.5%) cells. Importantly, most of the uninfected
neutrophils at 24 hours had condensed, unlobed nuclei (an average of 1.1 lobes
per neutrophil), which is indicative of apoptosis; however, C. jejuni-infected
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Figure 2: Morphology of neutrophil nuclei upon C. jejuni infection.
A. Green fluorescence, DNA stained with Sytox.
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B. Brightfield.
C. Merge.
Hypersegmentation is defined as >4 nuclear lobes. Condensed, 1 lobed nuclei are
indicative of apoptosis. 63X. Representative images, n=3 replicates, >150
neutrophils scored per timepoint.
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Figure 3: Incidence of hypersegmentation increases and apoptosis
decreases at 5 and 24 hours in C. jejuni-infected neutrophils.
A. Occurrence of hypersegmentation of neutrophil nuclei as measured at 0, 1,
5, and 24 hours in uninfected and C. jejuni-infected neutrophils (MOI 1:1).
Hypersegmentation is defined as >4 nuclear lobes.
B. Occurrence of apoptosis as measured by Annexin-V staining at 0, 1, 5, and
24 hours in uninfected, C. jejuni-, S. Typhimurium-, and H. pylori-infected
neutrophils (MOI 1:1).
Percentage of neutrophils are displayed as mean + SEM. One-way ANOVA.
*p<0.05, **p<0.01, ***p< 0.001, ****p<0.0001 compared to uninfected at
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corresponding timepoints. A) n=3 replicates, >150 neutrophils scored per
timepoint, and B) n=3.
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neutrophil populations exhibited a significantly increased incidence of
hypersegmentation at 24 hours, as well as significantly more nuclear lobes on
average (2.7 lobes per neutrophil), which indicates prolonged viability. When this
microscopy data was compared to the expression of CD16 and CD62L in similar
neutrophil populations, a discrepancy emerged at 24 hours since nuclear
hypersegmentation was present for C. jejuni-infected neutrophils despite only
0.4% of the neutrophil population exhibiting the CD16hi/CD62Llo phenotype. We
hypothesize that shedding of the CD16 marker occurs between five- and 24hours post-infection with C. jejuni without altering the appearance of the nuclei or
the other properties described below; however, further studies should be done to
investigate the mechanisms behind this and the differences in CD16 expression
at 24 hours during C. jejuni and H. pylori infection.
C. jejuni-infected Neutrophils Exhibit Reduced Apoptosis
Because delayed apoptosis was observed for hypersegmented neutrophils that
resulted from infection with H. pylori (Whitmore, Weems, & Allen, 2017), we
examined whether C. jejuni-infected neutrophils exhibited reduced apoptosis at
0, 1, 5, and 24 hours post-infection (Figure 3 B). No significant changes in
apoptosis were observed at the 0 and 1 hour timepoints. At zero hours, 6.2% of
uninfected neutrophils were apoptotic, 5.6% of C. jejuni-infected, 5.1% of S.
Typhimurium-infected, and 8.5% of H. pylori-infected neutrophils were apoptotic.
At one hour, 8.3% of uninfected neutrophils, 6.3% of C. jejuni-infected
neutrophils, 6.4% of S. Typhimurium-infected neutrophils, and 7.3% of H. pylori48

infected neutrophils were apoptotic. In contrast, apoptosis was significantly
decreased at 5 and 24 hours post-infection for neutrophils infected with C. jejuni
or H. pylori when compared to either uninfected or S. Typhimurium-infected
neutrophils. Specifically, at five hours, 34.7% of uninfected neutrophils were
apoptotic whereas 8.5% and 11.9% of C. jejuni or H. pylori-infected neutrophils,
respectively, were apoptotic. By comparison, 32.9% of S. Typhimurium-infected
neutrophils were apoptotic at five hours, which was not significantly different from
uninfected populations. At 24 hours, the majority of uninfected neutrophils
(65.7%) and S. Typhimurium-infected neutrophils (59.5%) were apoptotic,
whereas only 18.3% of C. jejuni-infected neutrophils and 32.4% of H. pyloriinfected neutrophils were apoptotic. These results from C. jejuni and H. pyloriinfected neutrophil populations were significantly different when compared to
uninfected or S. Typhimurium-infected neutrophil populations. Significantly
delayed neutrophil apoptosis upon infection with C. jejuni is important because it
not only further supports that hypersegmented, CD16hi/CD62Llo neutrophils are
induced during C. jejuni infection, but also that extending the life of neutrophils
may be responsible for the immunopathological effects that occur during human
C. jejuni infection.
C. jejuni-infected Neutrophils Exhibit Increased Arginase-1 Expression and
Reactive Oxygen Species Production
Hypersegmented, CD16hi/CD62Llo neutrophils have been previously shown to
negatively impact T cell activation and proliferation by reducing expression of the
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ζ-chain of the T cell receptor (TCRζ) through either the production of arginase-1
or the generation of reactive oxygen species (Leliefeld, Koenderman, & Pillay,
2015). To determine whether the hypersegmented, CD16hi/CD62Llo neutrophils
induced by C. jejuni infection could impact T cells, we first examined the
production of arginase-1 and reactive oxygen species within infected neutrophil
populations.
To examine arginase-1 production, C. jejuni was used to infect primary
human neutrophils under the same conditions where a majority of the population
exhibits the CD16hi/CD62Llo phenotype. As expected, a significant, approximately
two-fold increase of arginase-1 was observed for C. jejuni-infected neutrophil
(density relative to β-actin=0.9) whole cell lysates when compared to those from
uninfected neutrophils (density relative to β-actin= 0.4) (Figure 4 A&B). As
hypersegmented, CD16hi/CD62Llo neutrophils have also been shown to reduce
TCRζ expression by elevated production of ROS, we used nitroblue tetrazolium
chloride to examine the ability of C. jejuni-infected neutrophils to produce ROS.
Nitroblue tetrazolium chloride is one of the most common methods to measure
the respiratory burst and ROS production in neutrophils. Reduction of nitroblue
tetrazolium chloride by ROS forms an indigo-colored, insoluble formazan
precipitate, which is then solubilized and whose absorbance is measured
(Esfandiari et al., 2003). Using the same conditions where a majority of the
infected neutrophil population exhibits the CD16hi/CD62Llo phenotype, a
significant, three-fold increase in ROS production was observed when compared
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Figure 4: Arginase-1 expression and reactive oxygen species production
are increased in neutrophils infected with C. jejuni (MOI 1:1) for 5 hours
compared to uninfected.
A. Western blot of uninfected and C. jejuni-infected neutrophil lysates.
B. Densitometry of arginase-1 relative to β-actin.
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C. Relative fold-change compared to uninfected neutrophils from absorbance
at 620 nm values.
Densitometry and fold change displayed as mean + SEM. B) Mann-Whitney test,
and C) One-way ANOVA *p<0.05, **p<0.01, ***p< 0.001, ****p<0.0001 compared
to uninfected. A) representative image, n=3, B) n=3, and C) n=3.
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to uninfected neutrophils (Figure 4 C). To further support our hypothesis that the
CD16hi/CD62Llo neutrophil subtype is specifically responsible for the increase in
ROS and not a general response to C. jejuni infection of neutrophils, neutrophils
were infected with C. jejuni at an MOI of 20:1 for 5 hours and ROS was similarly
measured. This is due to the above observation that infection of neutrophils with
C. jejuni for five hours at an MOI of 20:1 results in predominantly CD16 lo/CD62Lhi
and CD16lo/CD62Llo neutrophil populations. As a result, neutrophils infected at
an MOI of 20:1 produced approximately 70% of the ROS produced by
neutrophils infected with an MOI of 1:1, which supports other studies
demonstrating the unique ability of CD16hi/CD62Llo neutrophils to produce
elevated amounts of ROS.
Coincubation of C. jejuni-infected Neutrophils with Human T Cells Leads to
Reduced TCRζ Expression
To determine whether hypersegmented, CD16hi/CD62Llo neutrophils induced by
C. jejuni infection impact the T cell receptor, we incubated neutrophils with C.
jejuni under conditions where a majority differentiate to the CD16 hi/CD62Llo
phenotype. We then incubated these or uninduced neutrophils with human T
cells overnight and examined for TCRζ expression by flow cytometry. From this
analysis, we observed that 73.5% of T cells possessed detectable TCRζ
following coincubation with C. jejuni-infected neutrophils when compared to T
cells alone (100%). This is a significant reduction in the TCRζ expressing
population, including when T cells were incubated with uninfected human
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neutrophils (99.0%) or with C. jejuni alone (96.0%) (Figure 5 A). To determine
whether increased arginase-1 production by C. jejuni-infected neutrophils was
responsible for the reduction in TCRζ expression, T cells were supplemented
with 1.5 mM L-arginine for 24 hours before and during coincubation to counteract
the effects of arginase-1. This concentration of L-arginine was chosen as it has
been shown that 1 to 2 mM L-arginine maximally activates CD3+ T cells (Miret et
al., 2019; Werner et al., 2017). In the presence of L-arginine, TCRζ expression of
T cells incubated with uninfected neutrophils (105.1%), with C. jejuni-infected
neutrophils (89.5%), or with C. jejuni alone (101.1%) was not significantly
decreased when compared to T cells alone supplemented with L-arginine (100%)
(Figure 5 B).
Because ROS produced by hypersegmented, CD16hi/CD62Llo neutrophils
has also been shown to inhibit TCRζ expression, T cells were supplemented with
either 1 mM or 30 μM L-ascorbic acid, an antioxidant, before and during
coincubation to counteract ROS produced by C. jejuni-infected neutrophils.
These concentrations were chosen, as 1 mM is a supraphysiological
concentration of L-ascorbic acid in T cells, whereas 30 μM is a physiologically
normal concentration of L-ascorbic acid in T cells and serum (Hong et al., 2016).
The addition of either concentration of L-ascorbic acid did not affect TCRζ
expression when compared to T cells incubated without supplementation.
Specifically, upon addition of 1 mM L-ascorbic acid, we observed no significant
changes to the T cell population expressing TCRζ when incubated with
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Figure 5: TCRζ chain reduction in Jurkats incubated with C. jejuni-infected
neutrophils is restored in the presence of 1.5 mM L-arginine, not 1.0 mM or
30 µM L-ascorbic acid.
A. TCRζ expression relative to CD3 normalized to Jurkats alone in RPMI 1640
+ 10% FBS.
B. TCRζ expression relative to CD3 normalized to Jurkats alone in RPMI 1640
+ 10% FBS + 1.5 mM L-arginine.
C. TCRζ expression relative to CD3 normalized to Jurkats alone in RPMI 1640
+ 10% FBS + 1.0 mM L-ascorbic acid.
D. TCRζ expression relative to CD3 normalized to Jurkats alone in RPMI 1640
+ 10% FBS + 30 µM L-ascorbic acid.
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%TCRζ expression expressed as mean + SEM. One-way ANOVA *p<0.05,
**p<0.01, ***p< 0.001, ****p<0.0001 compared to uninfected A) n=5, B) n=3, C)
n=3, and D) n=3.
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uninfected neutrophils (99.5%) or incubated with C. jejuni alone (94.3%) when
compared to T cells alone (100%). However, like our unsupplemented group, we
still observed a significant decrease in TCRζ expression in T cells when
incubated with C. jejuni-infected neutrophils (74.3%) despite the addition of 1 mM
L-ascorbic acid (Figure 5 C). This result was also observed upon
supplementation with 30 μM L-ascorbic acid. For example, a significant decrease
in the T cell population expressing TCRζ was observed following incubation with
C. jejuni-infected neutrophils (73.4%) and no significant differences were
detected following incubation of T cells with uninfected neutrophils (95.5%) or C.
jejuni alone (83.9%) when compared to T cells alone supplemented with 30 μM
L-ascorbic acid (Figure 5 D).
Coincubation of C. jejuni-infected Neutrophils with Human Colonocytes
Induces HIF-1α Stabilization and Phosphorylation of NF-κB
Beyond impacts to T cells, the significantly increased production of ROS and
inflammation from hypersegmented, CD16hi/CD62Llo neutrophils may also affect
adjacent colonocytes. To determine the potential effects of CD16 hi/CD62Llo
neutrophil-derived ROS production on the colonic epithelium, we first examined
HIF-1α stabilization in colonocytes. HIF-1 is a transcription factor that promotes
the expression of several systems involved in tumorigenesis, and ROS has been
shown to increase HIF-1α subunit stabilization (Jung et al., 2008). We incubated
predominantly CD16hi/CD62Llo neutrophil populations or uninfected neutrophils
with colonocytes for one hour and examined for HIF-1α stabilization by western
57

blot. In addition, we treated colonocytes with cobalt (II) as a positive control since
it has been shown to stabilize HIF-1α independent of hypoxia (Yuan et al., 2003).
Colonocytes incubated with C. jejuni-infected neutrophils, which are
predominantly the CD16hi/CD62Llo subtype, exhibited an approximately two-fold
increase in HIF-1α stabilization (density relative to β-actin=1.8), whereas
incubation of colonocytes with C. jejuni alone (density relative to β-actin=0.90) or
uninfected neutrophils (density relative to β-actin=0.95) failed to produce any
significant changes in HIF-1α stabilization when compared to colonocytes alone
(density relative to β-actin=0.96). In contrast, colonocytes incubated with cobalt
(II) nitrate exhibited a 3.5-fold increase in HIF-1α (density relative to β-actin=3.4)
(Figure 6 A&B). We hypothesize that increased production of ROS by
hypersegmented, CD16hi/CD62Llo neutrophils that are induced in response to C.
jejuni are responsible for increased stabilization of HIF-1α in these colonocytes,
which may lead to transcription of pro-tumorigenic genes targets of HIF-1.
HIF-1 and NF-κB have been shown to interact during infection and
inflammation, as NF-κB is often activated when HIF-1α is stabilized (D’Ignazio,
Bandarra, & Rocha, 2016). Because we have demonstrated that HIF-1α is
stabilized in colonocytes incubated with C. jejuni-infected neutrophils, we also
examined NF-κB activation through phosphorylation of p65 in these colonocytes
(Figure 6 C&D). As expected, phosphorylation of p65 was significantly increased
(2.4 fold) in colonocytes incubated with neutrophil populations where the
CD16hi/CD62Llo subtype is the majority. In contrast, colonocytes incubated with
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Figure 6: HIF-1α stabilization and p65 phosphorylation of NF-κB are
increased in HCT-116 colonocytes coincubated with C. jejuni-infected
neutrophils.
A. Western blot of HCT-116 colonocyte cell lysates alone or after 1-hour
coincubation with uninfected neutrophils, neutrophils infected with C. jejuni
(MOI 1:1) for 5 hours, C. jejuni alone, or cobalt (II) nitrate as a positive
control.
B. Densitometry of HIF-1α relative to β-actin.
C. Western blot of HCT-116 colonocyte cell lysates alone or after 1-hour
coincubation with uninfected neutrophils, C. jejuni alone, neutrophils
infected with C. jejuni (MOI 1:1) for 5 hours, or cobalt (II) nitrate.
D. Densitometry of the phosphorylated p65 subunit of NF-κB relative to the
total p65 subunit of NF-κB.
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Densitometry displayed as mean + SEM. A) nonparametric test, and B) One-way
ANOVA *p<0.05, **p<0.01, ***p< 0.001, ****p<0.0001 compared to uninfected. A)
representative image, n=3, B) n=3, C) representative image, n=3, and D) n=3.
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uninfected neutrophils or C. jejuni alone showed no significant change in
phosphorylation of p65. This was somewhat surprising since other groups have
demonstrated C. jejuni alone induces NF-κB activation in colonocytes (Mellits et
al., 2002). Instead, our results suggest that neutrophil activity, including the
induction of the hypersegmented, CD16hi/CD62Llo subtype, may be responsible
for increased inflammation and resulting pathology of host intestinal tissue.
Interestingly, colonocytes incubated with cobalt (II) nitrate showed no significant
change in phosphorylation of p65. This suggests that NF-κB activation may occur
upstream of HIF-1α stabilization in response to ROS production in this system,
as cobalt acts directly on HIF-1α alone.
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CHAPTER FIVE: DISCUSSION
Infection by Campylobacter species is a significant cause of
gastrointestinal disease worldwide that has both acute and long-term implications
to human health, including the development of post-infectious inflammatory
disorders and possibly colorectal cancer (Man, 2011; Havelaar et al., 2015; He et
al., 2019; Mangifesta et al., 2018; Warren et al., 2013; Allali et al., 2015).
Importantly, the bacterial and host factors that are responsible for these various
outcomes are mostly unknown. For the field to advance in understanding the
processes that contribute to Campylobacter-induced diseases, it is important that
we begin to thoroughly characterize the host responses to these important
pathogens and how those processes impact the host. We have demonstrated in
this study that the majority of human neutrophils differentiate into a
hypersegmented, CD16hi/CD62Llo subtype after being exposed to low doses of
C. jejuni and that the neutrophil population exhibits delayed apoptosis, increased
expression of arginase-1, and elevated production of ROS. Not only do these
neutrophil activities support our initial observations that C. jejuni infection induces
differentiation of the hypersegmented, CD16hi/CD62Llo subtype, but it also
suggests how immunopathology during campylobacteriosis might occur. For
example, the decreased apoptosis of neutrophil populations we observed during
infection likely leads to prolonged exposure of the surrounding gastrointestinal
tissues to the activities of neutrophils (Kolaczkowska & Kubes, 2013; Filep &
Ariel, 2020). This includes several processes and products we previously
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examined that may directly damage host cells or are exceedingly
proinflammatory, including the release of S100A12, lipocalin-2, myeloperoxidase,
and neutrophil elastase (Shank et al., 2018; Callahan et al., 2020). Beyond these
more classical responses, our current work suggests that a portion of the
neutrophil population may be inappropriately immunosuppressive and counteract
specific components of adaptive immunity (e.g., T cells). In addition, it is
particularly interesting to note that induction of the hypersegmented,
CD16hi/CD62Llo neutrophil subtype is greatest when there are one or fewer
bacteria per neutrophil, since we previously demonstrated that NET formation
occurs when there are ten or greater C. jejuni cells to one neutrophil (Callahan et
al., 2020). These results indicate that neutrophils dynamically respond to stimuli
at the site of infection, which i) is in stark contrast to early impressions of
neutrophils as terminally differentiated and transcriptionally limited cells and ii)
suggests that host responses and disease outcomes may be dependent on
Campylobacter burden.
Further, hypersegmented, CD16hi/CD62Llo neutrophils as well as myeloid
derived suppressor cells (MDSCs) produce elevated levels of arginase-1 and
reactive oxygen species (Leliefeld, Koenderman, & Pillay, 2015). In order to
further classify the hypersegmented, CD16hi/CD62Llo neutrophil differentiation we
observed in response to C. jejuni infection and to investigate what effects the
neutrophil subtype may have on the host during campylobacteriosis, we
examined arginase-1 expression and reactive oxygen species production. As
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predicted, we found that both were elevated in neutrophils which had been
incubated with C. jejuni under conditions where a majority develop into the
hypersegmented, CD16hi/CD62Llo subtype. The ability of this neutrophil subtype
and MDSCs to suppress T cell function has been attributed to decreased T cell
receptor ζ-chain (TCRζ) expression, which is caused by either L-arginine
depletion via arginase-1 or reactive oxygen species directly impacting the TCR
(Munder et al., 2006; Taheri et al., 2001; Cemerski, van Meerwijk, & Romagnoli,
2003). Because of this, we subsequently demonstrated that human T cells
incubated with these differentiated neutrophil populations exhibited a significant
decrease in TCRζ expression, which is important for T cell receptor signaling and
proliferation. To preliminarily determine whether arginine depletion or ROS
production were responsible for this reduction in TCRζ expression, we
supplemented T cells with exogenous L-arginine or an antioxidant (L-ascorbic
acid), finding that L-arginine partially restored TCRζ expression in the T cell
population while L-ascorbic acid did not. Determining whether arginasedependent suppression of T cells occurs during C. jejuni infection could provide
valuable targets for aiding the adaptive immune system’s response to C. jejuni
infection. This could help reduce persistent infection or reinfection, aid in vaccine
development through the elicitation of an adequate memory response or provide
protection against cancer formation by strengthening the adaptive immune
response (Geiger et al., 2016). Indeed, dietary supplementation with L-arginine
has been shown to increase bacterial clearance and decrease susceptibility to
64

bacterial infections and sepsis (Badurdeen, Mulongo, & Berkley, 2015; Rosenthal
et al., 2016). Better nutrition and increased bacterial clearing as a result of
dietary L-arginine in developed countries may explain why persistent
Campylobacter infections occur less frequently in developed countries than in
developing countries (Ghosh, Suri, & Uauy, 2012; Man, 2011). The interactions
between C. jejuni infection and nutrition, especially arginine, and their global
trends are areas which need further investigation.
Beyond their impacts to inflammation and T cell activation,
hypersegmented, CD16hi/CD62Llo neutrophils could have direct implications to
colonocytes, including colorectal tumorigenesis. Although the links between C.
jejuni infection and colorectal cancer is severely understudied, C. jejuni has been
proposed to cause colorectal tumors through damage to colonocyte DNA by
cytolethal distending toxin (CDT) (He et al., 2019). Furthermore, 16S rRNA gene
sequencing studies have shown members of the Campylobacter genus are
associated with colorectal polyps and tumors but not healthy marginal tissue
(Mangifesta et al., 2018; Warren et al., 2013; Allali et al., 2015). These studies
suggest that sample type may have impacted the field’s ability to associate
Campylobacter infection with colorectal tumorigenesis since an initial study that
established a correlation does not exist relied on fecal samples for detection
(Brauner et al., 2010). If Campylobacter remains restricted to polyp or tumor
tissues, as the tissue microbiome studies suggest, culture or PCR of fecal
samples may not be sufficient to detect these associations. Further supporting a
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possible association with colorectal cancer, we found that incubation of
colonocytes with neutrophil populations where hypersegmented, CD16 hi/CD62Llo
cells predominate, HIF-1α stabilization and NF-κB activation occurred, a
combination which could lead to upregulation of hundreds of tumor promoting
genes. An unexpected observation from this work was that, despite repeated
attempts using various cell lines, C. jejuni strains, and MOIs, we were unable to
observe NF-κB activation in the absence of neutrophils (data not shown). In the
end, damage to colonocytes at the site of infection directly through C. jejuni
effectors like CDT or through the activities of the innate immune response (e.g.
NETosis) combined with stabilization of HIF-1α, activation of NF-κB, and
decreased T cell function through TCRζ downregulation, could allow for
tumorigenesis to occur and go unchecked. As T cells serve an important role in
surveillance of host tissue for cancer, further studies need to be conducted to
determine whether immunosuppressive neutrophil subtypes, as well as direct
effects of C. jejuni on colonocytes, could be responsible for the development of
colorectal cancer.
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CHAPTER SIX: CONCLUSIONS AND RECOMMENDATIONS
We have shown that Campylobacter jejuni-infected neutrophils will differentiate
into a hypersegmented, CD16hi/CD62Llo subtype in an MOI- and time-dependent
manner. These C. jejuni-infected neutrophils display delayed apoptosis and
increased arginase-1 and reactive oxygen species production. Coincubation of T
cells with C. jejuni-infected neutrophils resulted in a decrease in T cells
expressing the TCRζ chain, which was restored when L-arginine was added, but
not when the antioxidant L-ascorbic acid was added. This result suggests that Larginine depletion by arginase-1 is responsible for decreased TCRζ chain
expression when T cells are incubated with C. jejuni-induced hypersegmented,
CD16hi/CD62Llo neutrophils. Further, coincubation of colonocytes with these
neutrophils resulted in increased stabilization of HIF-1α and increased
phosphorylation of the p65 subunit of NF-κB of these colonocytes. When taken
together, these results indicate that C. jejuni-infected CD16hi/CD62Llo neutrophils
may promote transcription of pro-tumorigenic genes in colonocytes while
suppressing the ability of T cells to respond to both the infection and cancerous
antigens. This study highlights the importance and dynamic nature of neutrophils
in response to C. jejuni infection and may provide targets for treatment and
insights regarding the association of C. jejuni infection and cancer.
Further research must be done to understand the bacterial and host
factors that lead to neutrophil subtype differentiation as there are currently no
bacterial factors that have been shown to specifically induce subtype
67

differentiation, and no neutrophil receptors or signaling pathways have been
implicated in the development of subtypes. In order to identify C. jejuni factors
that promote the responses we observed, it may be beneficial to isolate various
bacterial components like LOS, secreted proteins, or membrane proteins, and
incubate these molecules with neutrophils to determine whether they induce
subtype differentiation. Further, as no signaling events have been identified
which lead to the formation of neutrophil subtypes, immunoblotting may reveal
the activation of certain pathways responsible for subtype differentiation.
In addition to identifying the receptors and signaling pathways involved in
neutrophil subtype differentiation, further work should be done to determine the
receptors and signaling events in colonocytes that lead to the activation of NF-κB
and HIF-1α upon incubation with C. jejuni-infected neutrophils. Follow-up work
confirming the targets of NF-κB and HIF-1α in colonocytes may also be done to
more specifically demonstrate the impact differentiated neutrophils have on host
colonocytes. Additionally, follow-up studies of T cells after incubation with C.
jejuni-infected neutrophils must be done to better characterize the interactions
between these two cell types and describe the impact of TCRζ reduction.
Quantifying decreases in T cell proliferation and determining whether TCR
responses are negatively impacted by reduction of TCRζ will strengthen our
finding that these neutrophils influence T cell function.
Lastly, given that others have demonstrated the potential correlation
between C. jejuni and colorectal tumorigenesis, and our research showing
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increased activation of transcription factors that promote pro-tumorigenic gene
expression and suppression of T cell function, we believe that follow-up studies
should be conducted to determine whether C. jejuni infection induces colorectal
cancer and whether this impact is observed during specific stages of colorectal
cancer development. In the aforementioned microbiome studies, it has become
clear that analyzing the microbiome of feces may be insufficient at determining
the composition of colorectal tumor microbiomes. This is because the
composition of the fecal microbiome leaves out important information about
localization and resistance to removal of different bacterial species within the
tissue of the digestive tract, including within the tumor microenvironment. As a
result, a study focusing on isolating C. jejuni from healthy colonic tissue, polyps,
and colorectal tumors of varying stages would provide critical information into
whether Campylobacter interaction with the colonic environment could lead to
increased tumor formation. Further, a study like this could provide information
regarding the incidence of colorectal cancer following Campylobacter infection
and the incidence of persistent Campylobacter infection. All the above areas of
research would be immensely beneficial across multiple disciplines and lead to
advancements in what is known about Campylobacter infection, colorectal
cancer risk factors, and the new field of neutrophil subtypes.
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All figures were generated by Carolina G. Dolislager, with the exception of Figure
15 B which was generated by Bohye Park.

Figure 7: Average number of nuclear lobes increases at 5 and 24 hours in
C. jejuni-infected neutrophils.
Number of lobes of each neutrophil nuclei as measured at 0, 1, 5, and 24
hours in uninfected and C. jejuni-infected neutrophils (MOI 1:1).
One-way ANOVA. *p<0.05, **p<0.01, ***p< 0.001, ****p<0.0001
compared to uninfected at corresponding timepoints. n=3 replicates, >150
neutrophils scored per timepoint.
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Figure 8: Arginase-1 expression and reactive oxygen species production
are still increased in neutrophils infected with C. jejuni (MOI 1:1) for 24
hours compared to uninfected and reactive oxygen species generation is
decreased in neutrophils infected with C. jejuni at an MOI of 20:1 compared
to neutrophils infected with C. jejuni at an MOI of 1:1.
A. Western blot of uninfected and C. jejuni-infected neutrophil lysates.
B. Densitometry of arginase-1 relative to β-actin.
C. Absorbance at 620 nm values.
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D. Absorbance at 620 nm values.
Densitometry and absorbance values displayed as mean + SEM. B) MannWhitney test, and B) One-way ANOVA *p<0.05, **p<0.01, ***p< 0.001,
****p<0.0001 compared to uninfected. A) representative image, n=3, B) n=3, C)
n=2, and D) n=2.
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Figure 9: TCRζ reduction in Jurkats coincubated with C. jejuni-infected
neutrophils is restored in the presence of 1.5 mM L-arginine, not 1.0 mM or
30 µM L-ascorbic acid.
A. TCRζ expression of unstained Jurkats, Jurkats alone, Jurkats +
Neutrophils, Jurkats + Neutrophils + C. jejuni, and Jurkats + C. jejuni in
RPMI 1640 + 10% FBS.
B. TCRζ expression of unstained Jurkats, Jurkats alone, Jurkats +
Neutrophils, Jurkats + Neutrophils + C. jejuni, and Jurkats + C. jejuni in
RPMI 1640 + 10% FBS + 1.5 mM L-arginine.
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C. TCRζ expression of unstained Jurkats, Jurkats alone, Jurkats +
Neutrophils, Jurkats + Neutrophils + C. jejuni, and Jurkats + C. jejuni in
RPMI 1640 + 10% FBS + 30 µM L-ascorbic acid.
D. TCRζ expression of unstained Jurkats, Jurkats alone, Jurkats +
Neutrophils, Jurkats + Neutrophils + C. jejuni, and Jurkats + C. jejuni in
RPMI 1640 + 10% FBS + 1.0 mM L-ascorbic acid.
TCRζ expression counts are normalized to mode and expressed as % maximum
count. A) n=5, B) n=3, C) n=3, and D) n=3. Representative images.
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Figure 10: Maximal TCRζ expression in Jurkats.
Jurkats were treated with 3 ng/mL PMA and 0.5 µM ionomycin overnight to induce
maximal activation and TCRζ expression.
TCRζ expression counts are normalized to mode and expressed as % maximum
count. n=2. Representative image.
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Figure 11: Blocking RAGE with cromolyn results in slightly reduced NF-κB
activation.
A. Western blot of HCT-116 colonocyte cell lysates alone or after 1-hour
coincubation with uninfected neutrophils, C. jejuni alone, neutrophils
infected with C. jejuni (MOI 1:1) for 5 hours, in RPMI + 10% FBS or RPMI +
10% FBS + 100 µM cromolyn.
B. Densitometry of the phosphorylated p65 subunit of NF-κB relative to the
total p65 subunit of NF-κB.
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Densitometry displayed as mean + SEM. B) One-way ANOVA *p<0.05, **p<0.01,
***p< 0.001, ****p<0.0001 compared to uninfected. A) representative image, n=2,
B) n=2
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Figure 12: Induction of CD16hi/CD62Llo neutrophils is invasion independent.
A. Neutrophils were left uninfected or infected with C. jejuni at the indicated
varying MOIs for 5 hours. Expression of CD16 and CD62L was measured
after 5 hours.
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B. Neutrophils were left uninfected or infected with C. jejuni at the indicated
varying MOIs for 5 hours or treated with gentamycin after 1 hour of infection
and then allowed to incubate until 5 hours. Neutrophils were then washed,
lysed with 0.25% Triton-X, washed again, plated on Mueller-Hinton agar,
and incubated for 48 hours in microaerobic conditions.
C. Neutrophils were left uninfected or infected with C. jejuni, an invasiondeficient ΔFlgE mutant of C. jejuni, C. jejuni in the presence of 2 µM
cytochalasin D (CD, an actin polymerization inhibitor), in CD alone, or
Salmonella Typhimurium at an MOI of 1:1. Expression of CD16 and CD62L
was measured at 5 hours.
D. Neutrophils were left uninfected or infected with C. jejuni, an invasiondeficient ΔFlgE mutant of C. jejuni, C. jejuni in the presence of 2 µM
cytochalasin D (CD, an actin polymerization inhibitor), in CD alone, or
Salmonella Typhimurium at an MOI of 1:1 for 5 hours or treated with
gentamycin after 1 hour of infection and then allowed to incubate until 5
hours. Neutrophils were then washed, lysed with 0.25% Triton-X, washed
again, plated on Mueller-Hinton agar, and incubated for 48 hours in
microaerobic conditions.
Representative graphs, A) and B) n=1. C) and D) n=2. A) and C) Percentage of
neutrophils are displayed as mean + SEM. Two-way ANOVA. *p<0.05, **p<0.01,
***p< 0.001, ****p<0.0001 compared to uninfected and uninfected.
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Figure 13: Removing bacterial stimulus at 5 hours does not extend life of
CD16hi/CD62Llo neutrophils to 24 hours except in the presence of the
cytochalasin D.
A. Neutrophils were left uninfected, infected with C. jejuni, infected with C.
jejuni in the presence of 2 µM cytochalasin D (CD, an actin polymerization
inhibitor), left uninfected in the presence of 2 µM CD, or infected with S.
Typhimurium at an MOI of 1:1 for 24 hours. Expression of CD16 and CD62L
was measured after 24 hours.
B. Neutrophils were left uninfected, infected with C. jejuni, infected with C.
jejuni in the presence of 2 µM CD, left uninfected in the presence of 2 µM
CD, or infected with S. Typhimurium at an MOI of 1:1 for 5 hours. After 5
hours, the neutrophils were pelleted, the bacterial and chemical stimuli were
removed, the media was replaced, and incubation was allowed to continue
until 24 hours. In the group incubated with C. jejuni and CD, CD containing
media was added back after removal of C. jejuni. In the group incubated
with CD only, the CD was removed and replaced with media without CD.
Expression of CD16 and CD62L was measured after 24 hours.
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Representative graphs, A) and B) n=2. Percentage of neutrophils are displayed as
mean + SEM. Two-way ANOVA. *p<0.05, **p<0.01, ***p< 0.001, ****p<0.0001
compared to uninfected and uninfected.
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Figure 14: UV-killed C. jejuni induces CD16hi/CD62Llo neutrophil subtype
after 5 hours.
Neutrophils were left uninfected, infected with C. jejuni, or infected with C. jejuni
that had been treated with ultraviolet radiation for 1 hour at an MOI of 1:1 for 5
hours. Expression of CD16 and CD62L was measured after 5 hours.
Percentage of neutrophils are displayed as mean + SEM. Two-way ANOVA.
*p<0.05, **p<0.01, ***p< 0.001, ****p<0.0001 compared to uninfected and
uninfected.
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Figure 15: Preincubation with 10 mM sodium butyrate results in a
significant increase in CD16hi/CD62Llo neutrophils after C. jejuni infection
independently of histone H3 acetylation
A. Neutrophils were preincubated with 10 mM sodium butyrate for 1 hour
before coincubation with C. jejuni at an MOI of 1:1 for 5 hours. Expression
of CD16 and CD62L was measured after 5 hours. Percentage of neutrophils
are displayed as mean + SEM. Two-way ANOVA. *p<0.05, **p<0.01, ***p<
0.001, ****p<0.0001 compared to uninfected and uninfected.
B. Western blot of neutrophil cell lysates left uninfected for 5 hours, infected
with C. jejuni at an MOI of 1:1 for 5 hours, uninfected for 5 hours after a 1hour preincubation with 10 mM sodium butyrate, or infected with C. jejuni at
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an MOI of 1:1 for 5 hours after a 1-hour preincubation with 10 mM sodium
butyrate.
C. Densitometry of the percent acetylation of histone H3 relative to β-actin.
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Table 1
CD16hi/CD62Lhi

CD16lo/CD62Llo

CD16hi/CD62Llo

CD16lo/CD62Lhi

Uninfected

40.06.633

50.39.529

4.70.587

5.00.487

MOI 50:1

3.40.875

40.87.682

18.04.008

37.812.451

MOI 20:1

0.90.300

50.41.347

6.151.987

42.52.951

MOI 5:1

3.01.201

61.09.826

23.59.945

12.51.387

MOI 1:1

5.40.402

46.69.975

43.29.539

6.50.150

MOI 1:5

2.20.491

52.511.260

39.610.384

5.80.400

Percent total neutrophils. CD16/CD62L expression at varied MOIs in C. jejuniinfected neutrophils. Mean ± SEM.
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Table 2
Time

CD16hi/CD62Lhi

CD16lo/CD62Llo

CD16hi/CD62Llo

CD16lo/CD62Lhi

Uninfected

0
hour

61.47.516

17.26.369

8.13.670

13.33.934

C. jejuni

0
hour

43.61.521

27.51.362

3.60.491

25.40.794

S.
Typhimurium

0
hour

40.92.765

16.84.247

26.76.763

15.74.757

Uninfected

1
hour

68.48.078

17.57.150

5.71.396

8.42.207

C. jejuni

1
hour

32.94.604

33.65.342

22.90.960

10.70.371

S.
Typhimurium

1
hour

16.43.640

35.74.044

30.60.405

17.30.441

Uninfected

5
hour

47.49.264

42.510.346

5.21.598

4.90.497

C. jejuni

5
hour

7.33.167

55.111.739

29.76.521

7.92.215

S.
Typhimurium

5
hour

40.911.46

19.03.378

15.31.129

24.99.122

Uninfected

24
hour

16.14.889

55.41.851

1.90.656

26.76.579

C. jejuni

24
hour

0.20.033

42.11.233

0.60.088

57.11.301

S.
Typhimurium

24
hour

2.00.503

32.65.076

1.20.462

64.34.141

Percent total neutrophils. CD16/CD62L expression at varied time points in
uninfected, C. jejuni-infected, and S. Typhimurium-infected neutrophils. Mean ±
SEM.
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